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PRESSOR RESPONSIVENESS FOLLOWING ACUTE ELEVATION 
OF SODIUM IN THE RAT! 


SYDNEY M. FRIEDMAN, W. A. WEBBER, 
J. D. JAMIESON, AND CONSTANCE L. FRIEDMAN 


Abstract 


In order to test the effects of various ions on pressor responsiveness, groups 
of adult rats were infused with solutions containing sufficient sodium, potassium, 
calcium, or magnesium to elevate the plasma concentration of these ions. The 
infusions were completed within 5 minutes and in no case was more than 0.5 ml. 
injected. The test solutions used were sodium acetate, potassium citrate, 
calcium chloride, and magnesium sulphate. Control solutions of ammonium 
acetate, ammonium sulphate, sodium chloride, and sucrose were also infused. 
In no case was the amount of salt infused sufficient to affect the blood pressure 
during the infusion. The blood pressure response to 1 y of norepinephrine or 
to 20 mU. of pitressin was recorded before infusion and again at the end of the 
infusion. A significant effect was observed only with sodium acetate. This 
consisted of a profound suppression of the ordinary pressor response to both 
norepinephrine and pitressin. The effect was not due to the acetate ion and 
hence may be specifically referable to the high plasma sodium. These results 
support our previous conclusions that pressor responsiveness and sodium 
mobility are causally connected. 


The studies of many workers have made it evident that sodium metabolism 
is in some way associated with blood pressure regulation. While most of 
the evidence suggests that the relation is causal in nature this inference is 
still far from proved. 

With this problem as our central concern we have recently investigated 
pitressin and norepinephrine, two dissimilar pressor agents, and observed 
that both caused similar shifts of sodium and potassium (and water) which 
coincided with the rise and reversed with the fall of blood pressure (1). 
Inferring that these relations are causal, the theory was presented that the 
regulation of the blood pressure depends, inter alia, on the sodium transport 
systems broadly defined. This report presents further evidence that the 
relations are indeed causal. 

The present experiments were designed to induce acute alterations in the 
ionic composition of the extracellular fluid using minimal volumes of infused 
solutions and then to study the response to pitressin and norepinephrine in 

1Manuscript received January 31, 1957. 
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the presence of such altered environments. If, as we have suggested, the 
ionic shifts are the determinants, not the result, of vasoconstriction, the 
blood pressure response might be immediately affected by the manipulation 
of any involved ion. This report demonstrates that it may be the acute 
alteration of the extra-/intra-cellular relations of the sodium ion which pro- 
foundly modifies the pressor response both to pitressin and to norepinephrine. 


Methods 


Adult male albino rats of an inbred Wistar strain weighing 300 g. or 
more were used throughout. Light ether was found to be the most satis- 
factory anesthesia for all operative purposes. Infusion of the test solutions 
was made through a polyethylene tube implanted in a femoral vein ‘and 
connected to a variable speed syringe-type infusion apparatus. The appa- 
ratus could be adjusted to deliver a predetermined volume at a desired rate. 
Blood pressure was recorded continuously from a femoral artery connected 
by an implanted polyethylene tube to a Statham pressure transducer recording 
through a Brush amplifier and oscillograph. 

The salts used to test the effects of specific ions were chosen particularly 
for their solubility. The aim was to inject a very small total volume (0.5 ml. 
or less) containing sufficient amounts of the ion to elevate the plasma con- 
centration a significant amount within a 5 minute interval without at the 
same time affecting the blood pressure curve during the 5 minutes. The 
following salts were infused: (a) sodium chloride, isotonic; (b) sodium acetate, 
4.2 N; (c) ammonium acetate, 4.2 N; (d) potassium citrate, 2 N; (e) calcium 
chloride, 2 N; (f) magnesium sulphate, 2 NV; (g) ammonium sulphate, 2 N. 
In addition, sucrose, 2 M, was infused as a control for the osmotic factor. 

The response to norepinephrine (Levophed bitartrate, Winthrop Stearns) 
was measured, using 1 ‘y, as the salt, injected intravenously in 0.1 ml. of 
saline into the femoral vein. The response to pitressin was measured similarly 
using 20 mU. (milliunits) in 0.1 ml. of saline prepared fresh each day from 
powder (Parke, Davis). In all cases the preinfusion response was compared 
with the postinfusion response in the same rat permitting both internal and 
external control of the experimental arrangement. 

Plasma was analyzed for sodium or potassium by flame photometry, for 
calcium using a modification of Lehmann’s method (3), and for magnesium 
using Clayton yellow (2). 


Experimental 


The Effect of Selected Infusions on the Plasma Concentration of Specific Ions 

The final choice of solutions and concentrations was based on a large series 
of preliminary trials. It depended on the demonstration of a significant 
elevation of the specific ion within the physiological range, i.e., without 
affecting the continuously recording blood pressure tracing. The effect of 
the solutions selected on the final concentration of the specific ion is shown 
in Table I. 
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TABLE I 


THE EFFECT OF FOUR SOLUTIONS ON THE PLASMA CONCENTRATION OF SPECIFIC IONS 
(The volume of infusion was administered in 5 minutes) 








Plasma conc. 











; Vol... ———----—-—- ——---— ---- No. 
Infusion ml. Preinfusion Postinfusion Rise animals 
Na acetate, 4.2 N 0.5 148+2 meq./l. Na 162+2 14+2 8 
0.25 148 +2 Inconsistent 

change 4 

K citrate, 2 N 0.10 4.0+0.12 megq./l. K 4.9+0.12 0.9+0.12 8 
CaCl,, 2 N 0.12 9.2+0.6 mg% Ca 17.0+0.8 7.8+0.8 8 
MgSO,, 2 N 0.05 1.2+0.4 mg% Mg 2.4+0.3 1.240.3 8 

Notre: + = standard error. 


The Effect of Selected Infusions on the Pressor Response to Norepinephrine 

Ten solutions were infused in this experimental arrangement. The results 
are presented in Table II. Of the 10, only sodium acetate produced a significant 
effect. This consisted of a profound suppression of the ordinary response to 
norepinephrine. The effect apparently was not due to the volume infused, 
nor to the osmotic effect involved, nor to the acetate moiety as judged from 
the results with the control infusions. Apparently it was specifically referable 
to the sodium ion. 


TABLE II 


THE EFFECT OF VARIOUS INFUSIONS ON THE BLOOD PRESSURE RESPONSE TO 1 Y 
NOREPINEPHRINE BITARTRATE INJECTED INTRAVENOUSLY 








Maximum pressor response, mm.Hg 











Preinfusion Postinfusion 
Vol., —_—_—_—_——————.__ No. 
Infusion ml, Systolic Diastolic Systolic Diastolic animals 
NaCl, isotonic 0.25 28+3 (Mean) 28+3 (Mean) s 
Na acetate, 4.2 N 0.25 2443 2143 *74+2 *7+2 8 
Na acetate, 4.2 N 0.50 3349 3145 *8+1 *11+2 4 
NH, acetate, 4.2 NV 0.25 44+4 3442 43+4 32+2 6 
K citrate, 2N 0.10 3645 29 +3 44+6 3144 10 
CaCl, 2 N 0.06 3344 30 +3 32+3 28+2 8 
CaCl, 2 N 0.12 28+3 26+2 27+3 24+3 8 
MgSQ,u, 2 N 0.05 3143 28+2 24+3 20+2 8 
(NH4)2SO,, 2 NV 0.05 36+3 3243 4347 3445 6 
Sucrose, 2 M 0.50 3547 27+4 39+5 29+3 8 
Note: + = standard error. *p<0.01. 


The smaller volume, 0.25 ml., of sodium acetate which produced an incon- 
stant plasma sodium elevation was equally effective in depressing the nore- 
pinephrine response as was the larger, 0.5 ml., infusion. 
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The Effect of Selected Infusions on the Pressor Response to Pitressin 

Seven solutions were infused in this experimental arrangement. The 
results are shown in Table III. Again, only sodium acetate produced a 
significant effect consisting of a marked suppression of the response to pitressin. 
As before, the effect was apparently due to the sodium ion. 


TABLE III 


THE EFFECT OF VARIOUS INFUSIONS ON THE BLOOD PRESSURE RESPONSE TO 20 mU. 
PITRESSIN INJECTED INTRAVENOUSLY 








Maximum pressor response, mm.Hg 


. 





Preinfusion Postinfusion 
Vol.,.§$ ———_——————__ ———_ No. 
Infusion ml. Systolic Diastolic Systolic Diastolic animals 





NaCl, isotonic 0.25 21+4 3443 18+2 3143 8 
Na acetate, 4.2 NV 0.25 17+2 re 71 "1921 8 
Na acetate, 4.2 N 0.50 38 +6 36+4 *19+8 "2622 4 
NH, acetate, 4.2 N 0.25 2i+3 29+4 26+4 26+4 10 
K citrate, 2 N 0.10 2242 29 +3 18+4 29+3 8 
CaCh, 2 N 0.12 36+4 39 +2 39 +6 40+4 8 
MgSO,, 2 N 0.05 19+2 26+3 20+3 25 +3 8 


Note: + = standarderror. *p<0.01. 





Discussion 


These experiments provide answers to certain problems and at the same 
time raise new ones. The demonstration that excess sodium modifies the 
pressor response to both norepinephrine and pitressin tends to support our 
previous conclusion that observed ionic shifts and blood pressure regulation 
are causally connected. They do not support the idea that the ionic shifts 
are the result of the vasoconstriction. 

The results of the experiments are puzzling, however. The literature 
dealing with sodium and blood pressure has associated chronic excesses of 
this ion with hypertensive states. Here, in contrast, an acute excess of 
sodium is associated with a diminution in responsiveness to pressor agents. 
Two possible explanations suggest themselves: (a) the rapid infusion of sodium 
saturates the transport systems so that they cannot respond further; or (0) 
the amounts of sodium inside or outside the cell are not as important as the 
concentrations relative to one another. Our previous work fits with the 
second idea in a general way. We have noted that a fall in blood pressure 
coincides with an elevation in sodium outside the cell, a rise in pressure 
with a fall in extracellular sodium. It would be rash, however, to attempt 
any final explanation at this time, although our experiments provide good 
reason to believe that sodium transport may be intimately and causally 
concerned with blood pressure regulation. An elucidation of the details of 
the mechanisms involved is still necessary. 
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THE INTERRELATIONSHIP BETWEEN THE PAROTID SECRETION 
OF THIOCYANATE, IODIDE, AND CHLORIDE! 


Marion H. FerGuson, A. NAIMARK,? AND J. A. HILDES 


Abstract 


The salivary/serum ratios of both iodide and thiocyanate, which are inversely 
related to the rate of parotid secretion and which are normally above unity, 
are depressed by oral administration of perchlorate or thiocyanate but are not 
influenced by the administration of large doses of iodide. In contrast, parotid 
chloride concentration is directly related to the rate of secretion, is always lower 
than the blood concentration, and is not influenced by perchlorate, thiocyanate, 
or iodide administration. 

These results indicate that, although thiocyanate, iodide, and possibly 
perchlorate, but not chloride, may share a common transport mechanism in 
the parotid gland, this mechanism is easily saturated by thiocyanate and 
perchlorate but not by iodide. 


Introduction 


In investigating the phenomenon that the salivary glands concentrate iodide 
to a degree comparable to the thyroid, Rowlands, Edwards, and Honour 
(13) found that the antithyroid agents thiocyanate and perchlorate depress 
the iodide concentrating ability of the salivary glands. Subsequently 
Edwards, Fletcher, and Rowlands (3) postulated a common salivary transport 
mechanism for iodide, thiocyanate, and perchlorate. Similar conclusions 
were reached by Logothetopolous and Myant (12) with regard to the hamster’s 
gastric mucosa. Freinkel and Ingbar (6) also reported that the concentration 
of iodide in saliva was depressed by intravenously administered thiocyanate. 
They also observed a reciprocal relationship between salivary chloride and 
iodide, but were unable to conclude whether this represented interaction of 
ionic transport mechanisms or merely inverse dependence on rate of flow. 

It is known that several ions present in saliva are in some manner dependent 
on secretion rate. For example, the concentrations of sodium and chloride 
vary directly with the rate of flow (7) but always remain below the blood 
concentrations (8, 14). Iodide, on the other hand, is concentrated in saliva 
and has a negative relationship to flow (4). It is, therefore, necessary to 
relate the concentration of these various ions to the rate of flow of saliva 
before the effect of other variables can be evaluated. Differences between 
mucous and serous salivary glands, with regard to their iodide concentrating 
ability, have also been reported (9). Therefore, it would seem advantageous 
to study the secretion of one type of gland. Taking these factors into account, 
the interaction of various ions has been studied in parotid saliva with results 
which, although similar to those reported by Edwards ef al. (3), indicate 
that the affinity of the secretory mechanism of the salivary glands is not the 
same for these ions. 


1Manuscript received February 4, 1957. 
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Methods and Materials 


The experiments were performed on 10 human subjects, of whom eight 
were healthy normals and two were convalescent hospital patients without evi- 
dence of salivary or thyroid disease. Parotid saliva was collected by the use of 
cups held over the papillae by suction (10), as described in detail elsewhere 
(4). In the present experiments secretion was stimulated by applying 
candy or graded strengths of acetic acid to the tongue, and in some cases 
by the subcutaneous injection of 5 to 10 mg. of methacholine chloride 
(Mecholyl Chloride, Merck). For low rates, samples of resting secretion 
were collected. 

In 41 of 56 experiments, control samples of saliva, secreted at various 
rates, and of blood were collected at the beginning of the experiment; “the 
test substance was then administered and, after a short period to allow 
absorption, further salivary and blood samples were collected. The test 
substances used and their doses were ammonium thiocyanate, 2 g.; potassium 
iodide, 750 mg.; and potassium perchlorate, 250 mg. administered orally. 
In these experiments, although the day to day variation in saliva composition 
is minimized, the “‘test’’ period always follows the ‘“‘control”’. As the result 
to be expected is a depression (3, 6, 13), it is difficult to entirely rule out 
“fatigue” of the secreting glands. Therefore, in 15 experiments the ‘‘control”’ 
and “‘test’’ runs were carried out on different days. The results were the 
same in both groups. 

Owing to the technical difficulty of estimating normal levels of stable 
iodide in saliva and blood, tracer doses of I'* were used. An oral dose of 
50 to 100 microcuries of carrier-free I'** was administered 2 hours prior to 
the start of the experiment. The radioactivity of blood and saliva was then 
counted as described by Zingg and Perry (16). In two of four experiments, 
in which large doses of potassium iodide were given, iodide excretion was 
determined by estimating stable I? employing Alpert’s method with a 
thiosulphate titration (1). Radioiodine was used as described above in 
the remaining two experiments. The Van Slyke and Hiller modification 
of the Sendroy method was used in the estimation of chloride (15). Thio- 
cyanate was determined by the method of Eder (2). 


Results 


Owing to the marked dependence of the salivary concentration of iodide 
and thiocyanate on the blood levels (4), all the results are expressed as salivary/ 
serum ratios. A summary of all the findings is given in Table I and the 
results are illustrated in Fig. 1 by examples selected for illustrative purposes 
on the basis of the widest ranges and best distribution of flow rates. 

Because of the curvilinear relationship of concentration to flow rate, test 
and control collections cannot be compared using the mean concentrations 
without being certain that not only the range but also the distribution of 
secretion rates are strictly comparable. This is so in many of the experiments 
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TABLE I 


SUMMARY OF RESULTS AT FLOW RATE OF 0.5 ML./MIN. 


Mean S/S ratios 


No. No. ————— —---- 
Experiment subjects expts. Control Test P value* 

Effect of thiocyanate on iodide 4 6 14.7 8.0 <.01 
Effect of thiocyanate on thiocyanate 6 11 9.4 2.7 <.001 
Effect of thiocyanate on chloride 4 8 16.6 17.2 4 
Effect of iodide on iodide 4 7 16.0 14.7 s 
Effect of iodide on thiocyanate 4 11 8.2 8.2 a 
Effect of iodide on chloride 4 7 16.1 17.4 _ 
Effect of perchlorate on iodide 4 5 13.4 6.1 <.01 
Effect of perchlorate on thiocyanate 6 8 8.8 1.2 <.001 
Effect of perchlorate on chloride 4 5 16.9 18.8 4 








*Calculated from the paired data of each experiment. The S/S ratio in each case was 
obtained by inspection of the plotted data of that experiment. 


CHLORIDE, THIOCYANATE @ IODIDE IN PAROTID SALIVA 
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In each experiment the salivary/serum ratio at this secretion rate was 
determined by inspection of the plotted results. The table shows the means 
of these values for control and test for all experiments. Comparable results 
would be obtained using any other secretion rate. 

The last column of the table indicates the main results: exogenous 
thiocyanate significantly depressed the parotid secretion of iodide and the 
concentrating ability of the gland for thiocyanate itself, but did not affect 
the chloride secretion; perchlorate had a similar and probably a more marked 
effect, but the administration of iodide did not alter the ability of the glands 
to clear any of the substances measured. 

The data obtained when methacholine chloride was used for stimulation 
were not different from those obtained when the glands were stimulated by 
acetic acid applied to the tongue. 

Chloride was found under normal circumstances to be present in saliva 
in concentrations varying from 12 to 60 meq./liter. The saliva/serum ratio 
varied from 0.15 to 0.65. The ratio was related in a positive manner to 
the rate of secretion but did not reach unity. These results are in agreement 
with our previous findings (8). The administration of thiocyanate, iodide, 
or perchlorate, as shown by the closed circles in the three lefthand panels 
in Fig. 1, did not alter the saliva/serum ratio or the rate—concentration 
relationship of chloride in parotid saliva. 

The blood concentration of thiocyanate was fairly constant for any one 
subject, with a variation between subjects of from 0.07 to 0.19 meq./liter. 
Thiocyanate was found to be concentrated in parotid saliva. The saliva/ 
serum ratio varied from 35 to 4, decreasing in a curvilinear manner as the 
rate of flow increased, as shown by the open circles in the three center panels 
of Fig. 1. Following the administration of exogenous thiocyanate the blood 
concentration was increased to 1.2 to 2.1 meq./liter (10-to 20-fold), but 
the saliva/serum ratio was depressed over the whole range of flow rates, 
as indicated by the closed circles in the top center panel of Fig. 1. The 
administration of iodide did not change the saliva/serum ratio of thiocyanate. 
However, following the administration of perchlorate (shown by the closed 
circles in the bottom center panel of Fig. 1) a depression in saliva/serum 
thiocyanate ratio, similar to that following exogenous thiocyanate, was 
observed. The ratio was depressed below unity in this and one other subject. 

The concentration of iodide in saliva was found to vary in control studies 
from seven or eight times the blood level to over 100 times the blood level. 
As illustrated by the open circles in the three righthand panels in Fig. 1, 
the saliva/serum ratio of iodide decreased in a curvilinear manner with 
increasing flow rate, tending to level out at rates higher than 0.5 ml. per 
minute. The administration of thiocyanate depressed the saliva/serum 
ratio by approximately 60% of the control level but in no case below unity. 
Large doses of exogenous iodide did not alter the saliva/serum ratio of iodide 
despite a 1000-fold increase in the blood level of iodide. In these four 
experiments the blood level of iodide was elevated to between 0.13 and 0.22 
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meq./liter. Perchlorate, on the other hand, as shown by the closed circles 
in the lower righthand panel, depressed the saliva/serum ratio of iodide 
in all experiments. The depression was similar to that observed following 
thiocyanate, except that in one case the ratio was depressed below unity. 


Discussion 


The results support the hypothesis of Edwards ef al. (3) in that iodide, 
thiocyanate, and perchlorate probably share a common transport mechanism 
in the salivary glands. However, this mechanism can be saturated by raising 
the blood level of thiocyanate 10 to 20 times, perhaps more easily by perchlo- 
rate, but it is capable of handling a 1000-fold increase in iodide load. 

The explanation for this may be on the basis of unequal affinities for these 
ions in the glandular transport mechanism. However, it should be noted 
that, whereas thiocyanate blood levels as high as 2.1 meq./liter were achieved 
in these experiments, the highest blood iodide level was only 0.2 meq./liter. 
Lipschitz (11) reported a progressive depression of iodide concentrating 
ability of the salivary glands of dogs when the blood concentration rose above 
1.2 meq./liter. Similar results were observed in slices of mouse salivary glands 
by Fletcher, Honour, and Rowlands (5). This factor constitutes another 
possible explanation of the failure of exogenously administered iodide in 
the present experiments to influence the parotid handling of thiocyanate or of 
iodide itself. 

With regard to chloride, the opposite dependence on the rate of secretion 
of chloride compared with thiocyanate and iodide, together with the failure 
of any of the three test substances used to influence chloride secretion, suggests 
that that ion does not share a common transport mechanism with thio- 
cyanate and iodide. 
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A METHOD FOR THE DETECTION OF ATYPICAL FORMS OF 
HUMAN SERUM CHOLINESTERASE. DETERMINATION 
OF DIBUCAINE NUMBERS! 


W. KaLow Anpb K. GENEsT? 


Abstract 

_Cases with atypical esterase activity were found by determining esterase inhi- 
bition in numerous sera. A suitable inhibitor was the local anaesthetic dibucaine 
(cinchocaine, TN Nupercaine, Perkain). A good discrimination between 
typical and atypical sera was obtained under the following conditions: The 
esterase activity of human serum diluted 1:100 was measured with a recording 
spectrophotometer at 240 mu. The substrate was 5 X 10 M benzoylcholine 
dissolved in M/15 phosphate buffer, pH 7.4. The concentration of the inhibitor 
was 10° M. With the experimental temperature around 25° C., the average 
inhibition of the typical enzyme was 78.8 + 0.3%. The inhibition of the 
atypical esterases was less; in rare cases the inhibition was only 16%. For each 
person, the inhibition characteristics were constant over a period of several 
months, and independent of the esterase level. The degree of inhibition mea- 
sured under these conditions and expressed in per cent has been termed ‘‘Dibu- 
caine Number’”’. 

A quantitative variation from person to person of the activity of human 
serum cholinesterase (pseudocholinesterase) has been frequently observed. 
However, there also exists a qualitative variation of the enzyme activity which 
finds its expression in differences of substrate specificity and susceptibility 
to inhibition. To date, these latter variables have been overlooked for two 
reasons. First, the sera with a cholinesterase activity different from the 
usual pattern occur in only 3% of the population. That is, in about 97% 
of healthy subjects the qualitative aspects of enzyme action seem to be 
nearly identical. Hence, it is possible that previous investigators interested 
in the details of structure and action of cholinesterase (see, for example, 
reviews 2, 14) have never encountered the unusual enzymes. Second, in 
screening tests for assaying cholinesterase activity in numerous human sera, 
the evaluation of data is usually based on one reaction rate with one substrate 
at one standard concentration (e.g. 1 (review), 3, 13, 10, 15) which precludes 
detection of a qualitative variation of esterase activity. 

The occurrence of an atypical human serum cholinesterase activity has 
been mentioned in several previous communications (5, 6, 7,11). Pharmaco- 
logical evidence has been presented to show that patients with the atypical 
form of enzyme activity are unusually sensitive towards the muscular relaxant 
succinylcholine (9). The purpose of the present paper is to describe the 
screening test which has been used extensively for the detection of human 
sera with an atypical pattern of cholinesterase activity. There is much 
evidence suggesting that the unusual activity is due to an atypical enzyme 
structure. This evidence, as well as a detailed description of the properties 


1Manuscript received December 5, 1956. 


Contribution from the Department of Pharmacology, University of Toronto, Toronto, 
Ont. 


2Present address, Food and Drug Directorate, Ottawa, Ont. 
Can. J. Biochem. Physiol. 35 (1957) 
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of the atypical esterases, their mode of inheritance, and their distribution in 
various populations, will be reported in subsequent publications. 


Basis of the Method 


Fig. 1 shows percentage inhibition observed on the addition of various 
concentrations of dibucaine to two different sera. Esterase activity was 
determined by ultraviolet spectrophotometry at 240 my, using 5 K 10° M 
benzoylcholine as the substrate. The left hand curve is the one usually 
produced under such circumstances. The right hand curve shows the 
maximal observed resistance to inhibition and occurs only in rare cases. 
On the scale of dibucaine concentrations, the two curves are 1.26 logarithmic 
units apart. This represents an 18-fold difference in susceptibility to 
inhibition. 

At a 10-5 M concentration of dibucaine, the normal esterase was inhibited 
by about 79%, the atypical esterase by about 17%. In other words, this 
concentration of dibucaine under these experimental conditions permitted a 
clear distinction between the two esterases. A very large experimental error 
would be necessary to obscure such a distinction. Hence, the inhibition 
caused by 10-> M dibucaine has been made the basis for the screening test 
to be described. The degree of inhibition, expressed as a percentage, has 
been termed the ‘‘Dibucaine Number” 

The method used was similar to that previously described (10). It 
consisted in measuring the decrease of absorbance at 240 my, which is pro- 
portional to the hydrolysis of benzoylcholine. Basic spectrophotometrical 
and enzymological data, and their mathematical interpretation, were pre- 
sented recently (8). The absorption spectrum of dibucaine has been shown 
(4) and the mode of esterase inhibition by dibucaine discussed (12). 
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Fic. 1. Inhibition of cholinesterase activity in two different human sera. 

Cholinesterase activity was measured by ultraviolet spectrophotometry with 5 X 
10-> M benzoylcholine as substrate. The standard error of each experimental point 
shown in this graph is about +2% 

The dashed line indicates the region in which the results may fall if the inhibition by 
a standard concentration of 10-* M of dibucaine is routinely tested on numerous sera. 
Percentage inhibition observed under these circumstances has been termed “Dibu- 
caine Number”. Inhibitions as grossly different from the usual as seen in the right hand 
curve are very rare. 
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Experimental 


Special Equipment 

All the measurements of the series reported here were performed in a 
Beckman Recording Spectrophotometer DK2, with time drive accessory.* 
The absorption cells had a light path of 10 mm. 

An electric fan was used for temperature regulation. Temperatures 
were measured with a fast-responding thermistor having a probe tip. 

An automatic pipette was used for all routing tests. 

A drafting machine greatly facilitated the determination of the slopes of 
the recorded curves. 


Procedures 

M/15 phosphate buffer of pH 7.4 was always the solvent. Human serum 
or plasma diluted 1:50 constituted the stock solution of esterase for work in 
the recording spectrophotometer. For hand operated instruments, a dilution 
of 1:100 was preferable (10). Crystalline benzoylcholine chloride (Hoffmann- 
LaRoche) was stored in a vacuum desiccator over sulphuric acid. For the 
stock solution of substrate, its concentration was 2 X 10-* M. The stock 
solution of inhibitor was 4 X 10-> M dibucaine (Nupercaine, Ciba). 

The spectrophotometric measurements were performed at 240 mu. 
Esterase stock solution diluted with equal parts of buffer served as optical 
blank. For measuring reaction rates, the solutions of benzoylcholine and 
of dibucaine were mixed in equal proportions, and 2 ml. of this mixture was 
added to 2 ml. of the stock solution of esterase. The procedure was then 
repeated, using buffer instead of the solution of dibucaine. Both reactions 
were recorded for about three minutes, timed with a stop watch. Because 
of the absorbance of dibucaine, the recordings of the inhibited and the unin- 
hibited reaction began at different levels of absorbance (Fig. 2). 

Immediately after completion of each recording, while the sample was 
still in the cell compartment, the temperature was measured by dipping a 
thermistor into the solution. 


Temperature Control 


Forced circulation of air caused the temperature in the absorption cells 
to be stabilized between 21° and 25° C., depending on room temperature. 
That is, the temperature of the cell compartment usually did not change 
more than a few tenths of a degree in the course of several hours, once an 
equilibrium had been achieved. For the determination of the Dibucaine 
Number the two tests per serum were made in sequence without delay. 
Hence, in most instances the observed inhibition did not have to be corrected 
for variations of temperature. 

*It is possible to perform the tests with simple equipment; for instance, the Beckman 


Model DU Spectrophotometer can be used for the determination of Dibucaine Numbers 
in the same manner as previously described for the measurements of esterase activity (10). 
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Fic. 2. Determination of cholinesterase activity and Dibucaine Number with a 
recording spectrophotometer in eight sera. 


Redrawing of eight samples selected from routine recordings. The recordings pro- 
ceeded from right to left. There are two recordings for each serum, the lower obtained 
in the absence, the upper in the presence of dibucaine. The slopes are proportional to 
the rates of hydrolysis of benzoylcholine. The vertical lines are time marks produced 
by briefly closing a shutter. Esterase units (U) and Dibucaine Numbers (DN) are 
indicated for each serum. Average esterase activity in these units was 207 with a 
standard deviation of +46. Average normal Dibucaine Number was 78.8 with a 
standard deviation of +2.1. The samples show that the Dibucaine Numbers do not 
depend on the esterase activity. Further explanations are given in the text. 

If there was a difference of temperature between the inhibited and the 
uninhibited reaction, the following formula was used to correct both observed 
reaction rates to those at 26° C.: 

reaction rate at 26.0° C. = observed rate X 
antilog [0.0283 * (26.0° C. minus measured ° C.)]. 
The Dibucaine Number was then obtained from these two calculated values. 
This equation was derived previously (10). It accounts for the changing 
esterase activity with changing temperature; the influence of temperature 


on the intensity of inhibition was negligible within the narrow range from 
21-25° C. 


Evaluation of Results 


For each of such curves as shown in Fig. 2, the recorded decrease of absorb- 
ance during a known time interval was measured on a drafting machine. 
The results were calculated by the following equation: 

The Dibucaine Number = % inhibition 


= 100 X [1—(decrease of absorbance in the presence of 
dibucaine/uninhibited decrease of absorbance)]. 

Esterase units were arbitrarily expressed as micromoles of acetylcholine 
hydrolyzed by 1 ml. of serum in 1 hour at 37° C. The conversion factors 
from the change of absorbance to these and other units of esterase activity 
were previously described (10) but the final serum dilution here was 1:100 
and previously 1:200. 
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Experimental Error 


Table I shows the analysis of variance of some repetitive experiments on 
five unselected sera. These tests were made for the purpose of evaluating 
experimental errors. The standard deviations (= root of mean square) 
were indicated for each of the several sources of variation because similar 
deviations were observed on other occasions. The only significant ratio of 
mean squares (F ratio) was the one of subjects to error in the upper part of 
the table, confirming the well known person-to-person variation of esterase 
levels. There was no evidence for individual differences between Dibucaine 
Numbers in spite of the different esterase activities. This suggested that 
all five subjects had the usual type of esterase. 

All experimental errors shown in Table I pertained to the routine tests used 
for the screening of numerous sera. These errors were small enough for 
almost all purposes. If desired, the errors could be halved by performing all 
procedures with special care and using volumetric instead of automatic 
pipettes. 

It has been indicated above (Fig. 1) that the usual Dibucaine Numbers 
were around 79, that is, above the midpoint of the concentration—action 
curve. Hence, the experimental error could be expected to produce a skew 
frequency distribution of Dibucaine Numbers. This, however, was not 
borne out by observation. 


TABLE I 
ANALYSIS OF VARIANCE* OF ESTERASE ACTIVITIES AND DIBUCAINE NUMBERS MEASURED 


ON FIVE SAMPLES OF SERUM FROM HEALTHY SUBJECTS ON 3 
CONSECUTIVE DAYS 








Source of Degrees of Sum of Mean Root of 
variation freedom squares Square mean square 





Esterase Units 























Days 2 249.1 124.6 11.16 
Subjects dq 17 989.6 4 497.4 67 .06 
Error 8 742.2 92.8 9.63 
Total 14 18 980.9 1 355.8 36.82 
Dibucaine Numbers 
Days 2 8.72 4.358 2.09 
Subjects + 5.83 1.457 , 22 
Error 8 14.30 1.787 1.34 
Total 14 28.84 2.060 1.44 





*cf. G. W. Snedecor. Statistical methods. 2nd ed. Ames, Iowa. 1946. 
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Some Representative Results 


Fig. 2 shows some characteristic observations on esterase activities and 
Dibucaine Numbers. Sera I, II, III, 1V, and VIII had Dibucaine Numbers 
of the usually found magnitude in spite of extreme variations of esterase 
activity. Serum I was from a patient with nearly average values. Serum 
II came from a patient who had an esterase level high enough to suggest a 
nephrotic syndrome but this proved not to be so and the real reason for the 
estraordinary esterase activity remained unknown to us. The lower curve 
shows a shape different from all other curves because the substrate was used 
up after about two minutes. Serum III had a reduced esterase activity and 
is explained as the patient had liver damage. Serum IV was from a patient 
recovering from severe burns. Serum V had a similarly low Dibucaine 
Number as did the serum used to produce the right hand curve in Fig. 1. 
The low esterase activity of serum V should be noted. The patient had no 
liver damage or any similar pathological condition. However, it has been 
observed that the esterase activity was always reduced when the Dibucaine 
Number was very low. Sera VI and VII had Dibucaine Numbers of an inter- 
mediate magnitude but the esterase activity of serum VI was comparable to 
that of serum V, and the esterase activity of serum VII was similar to that 
of the normal serum VIII. 

The data of Tables II and III suggest that the Dibucaine Numbers remain 
constant for a given person over at least a period of several months. Further 
repeated determinations of Dibucaine Numbers with at least a month’s 
interval between tests have been made in 52 patients and several healthy 
subjects. There was never any evidence for a change of Dibucaine Numbers. 
Although Dibucaine Numbers had not been determined prior to 1956, the 
atypical nature of the serum cholinesterase of patient F.O. (Table II) had 
been known to us since 1953. 


TABLE II 


DIBUCAINE NUMBERS OF FIVE PERSONS DETERMINED REPEATEDLY OVER A PERIOD OF SEVERAL 
MONTHS IN 1956 

















Names 

pe 4 om S.M. DF. F.O. 
Jan. 79.4 71.7 43.4 16.6 
Feb. 79.0 56.9 47.5 
Mar. 74.8 69.3 58.4 
Apr. 76.0 67.5 58.4 
May 78.3 70.2 54.0 
Sept. 49.2 18.3 
Nov. 14.7 
Mean 78.0 69.7 56.9 46.7 16.5 
+SE 0.6 0.9 1.0 2.7 1.0 
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TABLE III 
CONSTANCY OF DIBUCAINE NUMBERS IN A SERIES OF CHANGING 


ESTERASE LEVELS (PATIENT T.E.O. DURING 
RECOVERY FROM PANCREATITIS) 


Date 1956 Esterase Units Dibucaine Numbers 
Feb. 24 77 81.2 
Mar. 5 96 76.8 

23 103 79.6 
29 121 76.7 
Apr. 13 147 78.2 
19 165 83.4 
27 181 76.6 
May 5 174 78.2 
10 151 78.7 
17 195 80.5 
25 189 77.4 





Note: The mean of these Dibucaine Numbers is 78.8 + 0.6. 
The fluctuations around the mean are explainable by experimental 
error (cf. Table I). 


Discussion 


Before adopting the determination of Dibucaine Numbers as a means of 
detecting cases with atypical esterase activity, we tried the following methods 
and discarded them as unsuitable for screening: 

1. The use of two different substrates such as acetylcholine and benzoyl- 
choline in the Warburg apparatus, and the determination of the ratio of their 
hydrolysis rates (cf. 10) led to the first observation of atypical esterase 
activity. However, the differences in the measured ratios were too small to 
be determined accurately. 

2. The Michaelis constant for grossly atypical esterases and benzoylcholine 
differed by an order of magnitude from the normal value (5). Since the 
Michaelis constants determined the shape of hydrolysis curves of benzoyl- 
choline which could be obtained with a recording spectrophotometer (8), a 
simple inspection of such records was sufficient to distinguish between types 
of enzyme but only if they differed substantially. 

3. The pattern of inhibition of the various types of serum cholinesterase 
by neostigmine was similar to that obtained with dibucaine. The latter was 
preferable as an inhibitor for use in a screening test because of its instan- 
taneous action upon the enzyme (12). 

The Dibucaine Number did not depend on the esterase level. This was 
strongly suggested by the examples presented in Fig. 2, as well as by the data 
of Tables I and III. On the other hand, the atypical esterases showed on 
the average an esterase activity below normal (9). The esterase activity 
was regularly very low, as seen in serum V (Fig. 2), if the Dibucaine Number 
was around 16. 
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So far about 1700 sera have been investigated with this new method. For 


statistical and genetic reasons to be published, Dibucaine Numbers could be 


di 


vided into three groups. Dibucaine Numbers above 70 have been con- 


sidered typical, between 40 and 70 intermediate, and below 20 atypical. 


N 


o examples of Dibucaine Numbers between 20 and 40 were found. 
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THE EFFECTS OF TREMATODE INFECTION ON THE 
PHYSIOLOGICAL ACTIVITY OF THE FROG! 


GEORGE B. FRANK 


Abstract 


While studies were being performed on the electrical properties of frog 
muscle, trematode larvae suddenly appeared in the muscles of all the frogs 
that could be obtained. Further studies using these infected muscles showed 
that the presence of the parasites had considerably upset the physiological 
activity of these muscles. The sodium and potassium ion concentrations of 
both muscle and plasma from infected frogs were found to be considerably 
higher than values reported for normal frogs. The tendency for the recorded 
potentials, which were initially low, to reach normal values when the infected 
muscles were kept in Ringer’s solution, plus the increased ionic concentrations 
found in the infected frogs, indicate that the parasites did not have a direct 
effect on the muscle fibers. In some manner the parasites seem to have con- 
siderably upset the water balance mechanisms of the frog. 


During the past few years, while using the sartorius muscle of the frog 
for physiological experiments, we occasionally noted parasites in the muscles. 
When this occurred, the preparation was generally discarded and another 
frog was used. In the fall of 1955 it was noticed that all the frogs that we 
received contained these parasites and we were forced to use infected frogs 
in our experiments. The frogs appeared quite normal and healthy and it 
was felt that the presence of the parasites would probably have little effect 
upon the physiological activity of the skeletal muscle. 


The technique being employed at the time was the recording of resting and 
action potentials of individual muscle fibers with microelectrodes which were 
inserted into the fibers (11, 12). It was soon realized that muscles obtained 
from these infected frogs behaved quite differently from muscles taken from 
frogs containing no parasites. 

I sought the advice of Prof. T. W. M. Cameron of the Department of 
Parasitology, McGill University, who identified the parasite as trematode 
larvae and told me that little or nothing was known about the pathological 
effects of trematode larvae on the frog. This paper contains a study of 
these effects. 


Methods 


After isolation, the sartorius muscle was placed under a dissecting micro- 
scope for observation. All the parasites seen were removed, the connective 
tissue sheaths on both sides of the muscle were removed, and strips containing 
50-100 fibers were dissected from the muscle. These strips were mounted 
in a specially designed bath (4). This bath consisted of a series of holes, 

‘Manuscript received January 25, 1957. 
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connected by a slot at the top, drilled in a lucite block. A chlorided silver 
wire was embedded in the bottom of each hole. The muscle strip was placed 
in the slot, and petroleum jelly was packed around the muscle in the slots 
connecting the holes. This arrangement permitted direct stimulation of the 
muscle and also restricted the movement of the muscle. In one experiment, 
only the sheath on the under side of the muscle was removed and the whole 
muscle was placed in a bath similar to that described by Fatt and Katz (6). 


Solutions 
The compositions of the various solutions used in the work reported in 
this paper are given in Table I. 
TABLE I 


COMPOSITION OF THE VARIOUS SOLUTIONS USED (IN MILLIMOLES PER LITER) 














Type NaCl KCl CaCl: NaHCO; NaH:PQ, Glucose 
Normal Ringer’s 111.3 2.47 1.08 2.38 0.087 11.1 
Low Kt 111.3 —- 1.08 2.38 0.087 16.0 
High Na* 161.3 2.47 1.08 2.38 0.087 a3.3 
High Kt 2.3 3.76 1.08 2.38 0.087 11.1 





To all the solutions d-tubocurarine chloride (Burroughs Wellcome & Co.) 
was added to make a final concentration of 10~* g. d-tubocurarine chloride/g. 
solution. 


Electrodes and Recording System 


For recording from inside the cells, glass microelectrodes with tip diameters 
of 0.5 wor less containing 3 1 KCI (12) were used. Before use, the resistance 
of the electrodes was measured and only those having resistances between 10 
and 40 megohms were used in the experiments. A cathode follower similar 
to that of Krakauer (10) was employed. It was modified by replacing the 
electrometer tubes with EF 37a tubes. This circuit had an effective input 
capacitance of 3 wyf. including the capacitance of the electrode assembly. 
Thus with a 30 megohm input resistance it had a time constant of 90 usec. 
The silver—-silver chloride wires fixed in the bottoms of the holes were used 
either for direct stimulation of the muscle or for ground and reference elec- 
trodes. All recording was direct-coupled. The general procedure was to 
stimulate the muscle at one end and to record from the other. Thus only 
fibers which were continuous from one end of the muscle to the other were 
used. 


Analyses 


A blood sample and a sartorius muscle were obtained from each of four 
frogs for analysis of the Na+ and K+ concentrations. The blood samples 
were centrifuged immediately after they were obtained and the plasma 
removed. The muscles were quickly inspected for the presence of parasites 
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and then were weighed and dissolved in concentrated nitric acid. After 
appropriate dilutions the samples were analyzed for Na+ and K+ in a Beckman 
DU spectrophotometer with acetylene flame attachment (see (3) for further 
details). To determine the water content of the muscles, both sartorii were 
removed from each of four frogs, weighed, and then dried in an oven at 115° 
C. for two hours. In all the statistical analyses referred to in this paper, 
P = .05 was taken as the level of significance. 


Results 
General Observations 

Although the parasites have not been exactly identified they are larval 
stages, and two kinds are present. One is a mesocercaria and the other is a 
metacercaria of the trematode family Strigeidae; the metacercaria may be a 
younger stage of the same parasite. These are four-host flukes and the 
mesocercaria is the penultimate. For a positive identification of these 
parasites it is necessary to have adult stages. Infected material from these 
frogs was fed to mice but three trials failed to produce any results. It is 
probable that the definate host of these flukes is a bird or fish. (For a des- 
cription of parasites of this type see Bosma (1).) 

When examined, all muscles from these frogs were infected, those of the 
upper part of the legs (rectus, adductus, and triceps) being uniformly infected. 
As a rule the gastrocnemius contained few larvae. These stages do not 
normally invade any other body organ. 

When the muscles were first isolated from infected frogs they appeared 
to be hyperexcitable. Placed in a beaker of Ringer’s solution, they invariably 
responded with a series of twitches which ended with the muscle in a state of 
maintained contraction. The muscle then gradually relaxed. When the 
muscle was dissected (15 to 30 minutes later), a slight mechanical stimulation, 
which ordinarily would have little or no effect, produced a response similar to 
that produced when the muscle was first placed in Ringer’s solution. Although 
it was never rigorously tested, when stimulated electrically the threshold for 
maximal stimulation of the mounted muscle strip appeared to be considerably 
lower than that for normal muscle strips. 


Resting Potentials, Action Potentials, and “Active Membrane Potentials’ of 
Muscles from Infected Frogs 

Table II presents the values of resting potential, action potential, and 
“active membrane potential’’ obtained using muscles from normal and 
infected frogs. The “active membrane potential” is the difference between 
the resting potential and the action potential. The inside of the fiber, which 
in the resting condition is negative to the outside of the fiber, becomes positive 
to the outside at the height of the action potential, and the “‘active membrane 
potential’”’ measures this positivity. 

Table II suggests that the potentials recorded using muscles from infected 
frogs are generally lower than those recorded from normal frogs. The differ- 
ence is not very striking (the differences are not statistically significant) and 
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TABLE II 


RESTING POTENTIALS, ACTION POTENTIALS, AND “ACTIVE MEMBRANE POTENTIALS’ OF MUSCLE 
FIBERS IN RINGER’S SOLUTION. MEAN VALUES + STANDARD ERROR OF MEAN, 
FOLLOWED BY NUMBER OF OBSERVATIONS IN (_ ) 











Active 





Resting potential Action potential membrane potential 
mv.) (mv.) (mv.) 
“Normal” 
Frog A vo £ 2.2 12 = 3.9 —27 + 3.8 
(4) (4) (4) 
Frog B, leg 1 78 + 2.4 99 + 4.1 —21 + 1.5 
(6) (6) (6) 
Frog B, leg 2 a + 1.7 92 + 4.4 —10 + 378 
(4) (4) (4) 
Frog C A = 2.5 134 + 4.0 —20 + 4.0 
(15) (12) (12) 
Frog M* $3 + 1.8 My + 24 —34 + 1.9 
(13) (13) (13) 
Infected 
Frog D $3 + 1.6 09 =. 2:9 —22 + 3.2 
(10) (10) (10) 
Frog E 3% +18 a. + 2.3 —4 + 3.1 
(14) (14) (14) 
Frog F ce 29.3 78 + 4.4 =—§ + 2.2 
(3) (3) (3) 
Frog G mt 449 91 + 3.0 —16 + 2.2 
(8) (8) (8) 
Frog H a ae ee 87 + 0.9 —12 + 1.5 
(9) (9) (9) 





*Frog M was the only frog obtained since the start of the infection in which no parasites 
were found and for this reason it has been included in the ‘‘Normal’”’ group. The other 
frogs in this group were used before the start of the infection was noticed. 


there may be several reasons for this. There is a possibility that some in- 
fected frogs may have been included in the “normal’’ group. When only 
one or two parasites are present in each muscle, their presence can easily be 
missed. Also, as will be shown later, the resting potentials, action potentials, 
and ‘‘active membrane potentials’ of muscle fibers from infected frogs are 
not in a steady state but for the first few hours after the fibers were placed in 
Ringer’s solution the potentials recorded are continuously changing. 

There was also a fairly large variation among the infected frogs. The 
occurrence of 100% infestation started quite abruptly when a fresh supply of 
frogs was obtained from a supplier. Subsequent attempts to obtain unin- 
fected frogs from other suppliers failed. Since the frogs were infected in 
the field it was impossible to correlate the duration of infestation with the 
changes observed. The number of parasites per muscle also varied greatly. 


Effect of Parasites on the Nat and K* Concentrations of the Frog's Sartorius 
Muscle and Blood Plasma 


Blood samples and muscles were obtained from four infected frogs and 
analyzed for their K+ and Na* concentrations. The results of the analyses 
are shown in Table III. 
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From these figures it can be seen that the ionic balance has been considerably 
upset in these infected frogs. The Na* ion concentrations of both blood 
plasma and muscle were much higher than normal. The K* concentration 
of the blood plasma was also much higher than normal while that of the 
muscle may be slightly higher than normal. 

The sodium and potassium concentrations in the fiber water of these 
muscles can be determined from the formula (5) 


eS «a= 
q 


where C; is the concentration of the ion in the fiber water, C,, is its concen- 
tration in the total muscle, Cp is its concentration in the blood plasma, p is 
the portion of the total muscle weight accounted for by the extracellular 
fluid accounted for by the fiber water. The total muscle water was deter- 
mined using muscles from four other infected frogs. The value found was 
88.0 + 1.4%. The value taken for the extracellular water (12.5%) was 
the one given by Desmedt (5). (Although this estimate of the extracellular 
space might be incorrect, a fairly large error is necessary before any appreciable 
error in the Na* or K* concentrations are obtained and even high changes 
in the estimate of p scarcely affect the total Na* plus K* concentration.) 
Therefore p equalled 0.125 and qg equalled 0.755. The N*+ and K+ ion 
concentrations in the fiber water of these muscles from infected frogs, obtained 
by using this formula, are also given in Table III. The potassium concentra- 
tions were considerably lower than the values found by Desmedt (5) in 
muscles from normal frogs and about the same or slightly lower than those 
found by Boyle and Conway (2). The sodium concentrations were consid- 
erably higher than those found by either of these authors in normal frog 
muscles. 


Effect of Ringer’s Solution on the Muscles from Infected Frogs 


The resting and action potentials of muscles obtained from uninfected 
frogs placed in Ringer’s solution remain fairly constant for several hours. 
If the concentration of Na+ or K* ions in the external solution is changed, 
these potentials change in a predictable manner. The changes are completed 
after the muscle has been soaked for 5-15 minutes in the altered solution. 
When the muscle is again placed in Ringer’s solution the values return to 
control levels. This return to control level also takes from 5-15 minutes (12). 

Two experiments of this type were performed 1 week apart. The first 
was with a muscle from a normal frog. In this experiment a low K+ solution 
was the test solution. In the second experiment a muscle from an infected 
frog was used and a high Nat solution was used as the test solution. In 
both experiments the changes produced by the test solutions were the ex- 
pected ones. The low K* solution increased the resting potential but had 
little effect on the “‘active membrane potential’’ while the high Nat solution 


increased the “active membrane potential’ but had little effect on the resting 
potential. 
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In the experiment using the muscle from the uninfected (normal) frog, the 
resting potentials and the ‘‘active membrane potentials” of the fibers returned 
to control levels when the muscle was placed back in Ringer’s solution. 
However when the muscle from the infected frog was returned to Ringer’s 
solution the resting potential did not return to the control level but increased 
to a new level which was practically 10 millivolts higher than the initial control 
level. The increase in the resting potential which occurred in the experiment 
using the muscle from the infected frog was a completely unexpected result. 

Upon closer inspection of the data, the measurements of the resting potent- 
ials, made in the initial control period in the experiment using the muscle 
from the infected frog, appeared to be increasing even before the muscle was 
placed in the test solution. It therefore seemed possible that this increase 
in the resting potential was not an effect of the test solution but had started 
in normal Ringer’s even before the muscle had been placed in the test solution. 
This idea was tested by placing another muscle from an infected frog in 
Ringer’s solution and recording resting and action potentials for a period of 
1 hour. Fig. 1 illustrates the result of this experiment. The points represent 
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Fic. 1. Changes in potentials recorded over a 1 hour period using a muscle from an 
infected frog. Muscle in Ringer’s solution. The points represent experimentally 
determined values while the lines are the solutions of the regression formula Y = a + 
bX, where 6 = 0.210 + 0.065 (P<.05) for the resting potential, b = 0.099 + 0.031 
(P <.05) for the action potential and b = —0.164 + 0.123 (P >.05) for the “active 
membrane potential”. (Since 6 for the “‘active membrane potential” was not significant 
the curve was drawn with b = 0). 

the actual potentials recorded while the lines were drawn from the solutions 
of the regression curve formula (Y = a + 6X). The regression coefficient 
(6) obtained for the values of resting potential and action potential differed 
significantly from zero whereas the one obtained from the values of the 
“active membrane potential” did not. This experiment was repeated several 
times. Although the results illustrated in Fig. 1 were generally obtained, 
inconsistencies were occasionally noted. In some experiments the “active 
membrane potentials’ improved while the resting potentials stayed the same 
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or decreased slightly (insignificantly) and in other experiments the situation 
was reversed. A clearer picture of the changes occurring was obtained if 
the potentials were measured in an experiment lasting several hours. Such 
an experiment was performed. The results of this experiment are shown 
in Fig. 2. 
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Fic. 2. Changes in resting potentials and ‘‘active membrane potentials’’ of individual 
muscle fibers recorded over a 54 hour period using a muscle from an infected frog. The 
points represent experimental determinations while the lines were drawn by eye. Solid 
points obtained with the muscle in Ringer’s solution and the open points were obtained 
with the muscle in various test solutions. A and C, muscle in high Nat solution. B, 
muscle in high K* solution. 

This was the only experiment in which the bath arrangement of Fatt and 
Katz (6) was employed (see Methods above). No d-tubocurarine was put 
into the solutions and the muscle was indirectly stimulated. The groups 
represent several readings made within short time periods with the muscle 
in Ringer’s solution. As can be seen from Fig. 2 the use of test solutions did 
not alter the time courses of the potential changes. This is a general finding 
and has been observed in at least 10 experiments of this type in which muscles 
from infected frogs have been used. 

The resting potential of the fibers initially rose fairly rapidly. It then 
began to level off and finally it slowly declined. The “active membrane 
potential” of the fibers followed a different course. It initially declined, 
then rose rapidly, and finally slowly declined. Thus when a muscle from an 
infected frog is placed in Ringer’s solution there is a complex series of changes 
in the recorded potentials. The changes seen in short term experiments are 
dependent upon the stages in this complex series of events that are sampled. 


Discussion 


There is now considerable evidence that the resting potential can be calcu- 
lated from the ratio of the potassium concentration in the extracellular fluid 
to that in the muscle fiber water. In the frog muscle this relationship has 
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been derived from observing changes produced in the resting potential by 
changes in potassium concentration of the external solution (12) and of the 
fiber water (5). The resting membrane behaves roughly like a potassium 
electrode. For similar reasons the rising phase of the action potential is 
believed to be due to a specific rise in sodium permeability of the membrane, 
and the active membrane behaves roughly like a sodium electrode. In both 
cases the maximum potentials developed across the membrane would be 
given by the following formula: 


E = 58 log c:/Co 


where E£ is the potential developed (in mv.) and c and ¢ are the internal 
and external concentrations of the positive ion respectively (12). Table III 
lists the values of resting potential and ‘‘active membrane potential’ calcu- 
lated from the data obtained on frogs I to L. Ey,+ is the maximum expected 
“active membrane potential” and Ex+ is the maximum expected resting 
potential. It should be remembered that these expected values assume 
perfect conditions and are rarely if ever obtained in experiments on isolated 
muscles using inserted microelectrodes to record the potentials. The re- 
corded potentials are always lower than the potentials calculated using the 
data obtained from chemical analysis of the same muscles (12). 

The term ‘‘In Ringer” is rather misleading. The potentials listed are those 
that would be expected if the fluid surrounding the fibers immediately assumed 
the same composition as the Ringer’s solution, and if the inward and outward 
fluxes of water and ions were equal (no net inward or outward flux of either 
water or ions). Since the blood plasma of the infected frogs is hypertonic to 
Ringer’s solution (compare Tables I and III) it is most probable that the 
extracellular fluid of the muscles from infected frogs is also hypertonic to 
Ringer’s solution. Therefore when the muscle from an infected frog is placed 
in Ringer’s solution there is a movement of water into the extracellular space 
from the Ringer’s solution and a movement of ions from the extracellular 
space fluid into the Ringer's solution. As the composition of the extracellular 
fluid approaches that of Ringer’s solution there will be a movement of water 
into the fibers since the fiber water is also hypertonic to Ringer’s solution. 
This will reduce the ratio of potassium concentrations across the fiber mem- 
brane and therefore the resting potential will be reduced. If the metabolic 
processes of the fibers are not severely impaired there will follow a period 
of several hours during which the excess sodium is actively pumped out of 
the fibers and, as this occurs, potassium will be taken up by the fibers and 
the resting and action potentials will increase and approach normal levels. 
These changes in the potentials measured were actually observed (Figs. 1 
and 2). 

Since these parasites were first observed in the muscle of the frogs, at 
which time a change was observed in the properties of these muscles, it 
was natural to expect that the parasites had some direct effect on the muscles. 
However, further investigation and a consideration of the results of this 
investigation do not seem to support this idea. If the changes in muscle 
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physiology produced by the presence of the parasites in the frogs were a 
direct effect of the parasites on the muscle, then one would not expect the 
rapid recovery which was observed when the muscles were placed in Ringer’s 
solution, and in fact the time course of the potential changes observed in 
these experiments can best be explained by assuming that the physical prop- 
erties of the fiber membranes and the metabolic activity of the fibers are 
approximately normal. If there was a direct effect on the muscle one would 
also expect that the ionic concentrations of the blood plasma of these infected 
frogs would be approximately normal while that of the fiber water would be 
upset. But the experimental results show that the ionic concentrations of 
both are increased, and it is hard to see how any disturbance of the ionic 
concentrations in the fiber water or any other disturbance of muscular activity 
could so grossly upset the blood plasma ion concentrations if the physiological 
water balance mechanisms were functioning normally (8, 9). 

In conclusion it seems proper to summarize the reasons for believing that 
the changes observed in the physiological behavior of the frogs must be due 
to the presence of the parasites. First and foremost was the sudden appear- 
ance of the changes coupled with the appearance of the parasites. As men- 
tioned above, two experiments performed 1 week apart gave completely 
different results. The only change in the experimental conditions that could 
have accounted for this was the presence of parasites. Next there is the 
fact that this altered type of physiological behavior has continued and so 
has the presence of parasites. The only muscle obtained (since the appearance 
of the parasites) in which no parasites were observed showed resting potentials, 
action potentials, and ‘‘active membrane potentials’ that were constant and 
well within the normal range. Finally, the large size of the changes observed 
(particularly the ionic concentrations) also indicates that this is a pathological 
condition rather than a normal adaption mechanism of the frog. 
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STUDIES ON WHEAT PLANTS USING C“ COMPOUNDS 


Ill. THE UTILIZATION OF ACETATE FOR AMINO ACID 
BIOSYNTHESIS'? 


E. Brtinskr And W. B. MCCONNELL 


Abstract 


Sixteen amino acids were isolated from the gluten of wheat plants, the stems 
of which had been injected with acetate-1-C" or -2-C'. With both tracers 
the C'* labelled amino acids varied markedly from each other in specific activity. 
Glutamic acid, proline, and arginine were most active, followed by the four- 
carbon amino acids aspartic acid and threonine, while the short-chain amino 
acids glycine, alanine, serine, and methionine possessed medium activity. 
Branched-chain and aromatic amino acids, and the two basic amino acids lysine 
and histidine were weakly labelled, but showed marked differences from each 
other not only in specific activity but in the relative amounts of carboxyl and 
methyl groups of acetate incorporated. Acetate-2-C™ generally gave amino 
acids of highest activity, but acetate-1-C' was most effective for labelling 
glycine, histidine, and serine. Partial degradation by ninhydrin decarboxylation 
clearly showed that the carboxyl group of acetate tended, in general, to appear 
to a greater extent in the carboxyl group of amino acids than did the methyl 
group. Direct incorporation of the carboxyl carbon of acetate in C; of leucine 
was observed. 


Introduction 


A previous report from this laboratory (13) showed that mature wheat 
kernels containing appreciable amounts of carbon-14 may be obtained by 
injecting acetate-1-C"™ or -2-C™ into the stems of growing wheat plants during 
the last quarter of the growth period. The relative amounts of carbon-14 
incorporated into different constituents of the kernels depended upon the 
stage of growth at injection. In general, protein was the most active of 
the major components, glutamic acid of the gluten being particularly active. 
It was shown further (12) that localization of tracer occurs within the amino 
acids. Since the experiments involved long term exposure of the plants to 
the tracer from the date of injection until the plant was fully mature, it was 
concluded that some plant processes of protein synthesis are irreversible or 
only slowly reversible. Further, these results demonstrated clearly that 
wheat proteins retained, throughout a portion of the development period 
of the kernels and during maturation, a distribution of carbon-14 that re- 
flected the mode of utilization of the acetate injected. 

The present report is a continuation of these earlier studies and was under- 
taken to compare in some detail the relative amounts of methyl and carboxyl 
carbon of acetate utilized for the formation of the amino acids constituting the 
wheat gluten. 

1Manuscript received November 30, 1956. 

Contribution from the National Research Council of Canada, Prairie Regional Laboratory, 
Saskatoon, Saskatchewan. Presented in part at the Western Regional Conference of the 
Chemical Institute of Canada at Edmonton, Alberta, September, 1956. 

Issued as N.R.C. No. 4311. 


2References (12, 13) are considered as Part I and Part II of this series respectively. 
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Experimental 


Production of Wheat Labelled with C™ 

Thatcher wheat was sown on May 18, 1955, in a field plot and harvested 
fully mature on August 24, 1955, a total growing period of 988 days. Moisture 
and temperature conditions were generally favorable throughout the season 
and there was no obvious evidence of damage by insects or disease. Sodium 
acetate-1-C™ and -2-C™ were administered to typical plants on July 
29, 72 days after seeding. Stock solutions contained 35.8 mg./ml. sodium 
acetate-1-C or 50 mg./ml. sodium acetate-2-C". One-tenth milliliter 
solution containing from 7 to 10 uc. carbon-14 was given to each plant. 
Injections were made with a clinical syringe (12) about seven inches above 
the top node of the stem and another syringe needle was inserted just above 
the node to vent the air displaced. 

After harvesting, the plants were air-dried, the kernels collected, and further 
dried for 48 hours at 40° C. in a vacuum oven. The grain corresponded in 
quality to a No. 1 Northern Grade, yielded an average of 0.97 g. per head, 
and had a kernel weight of 30 mg. 

The wheat was ground in a micro-Wiley mill to pass a 40 mesh screen 
and fractionated as before (13) into lipids, starch, bran, albumins, and gluten. 


Determination of Specific Activity 

Samples were converted to carbon dioxide by wet combustion and the 
specific activity of the gas was determined (6). The specific activities are ex- 
pressed as millimicrocuries per millimole of carbon dioxide (myc./mM. COs), 
and are based on a value of 10 wc. of carbon-14 administered per plant. 


Isolation of Amino Acids 

Gluten (500 mg.) was hydrolyzed by refluxing for 24 hours in 100 ml. of 
6 N hydrochloric acid. The amino acids were then isolated by successive 
chromatography on columns of Dowex-1 X 8 (60 cm. long) and Dowex-50 
X 8 (150 cm. long) following the method of Hirs, Moore, and Stein (10). 
The diameter of the columns was increased to 20 mm. to increase capacity, 
and the mixing chamber volume was increased proportionally to 1200 ml. 
Gluten hydrolyzates are exceptionally rich in glutamic acid but by increasing 
the length of the Dowex-1 column to 60 cm. it was possible to avoid over- 
lapping of the glutamic acid and tyrosine peaks. A Technicon fraction 
collector with drop counter was used and this was fitted with a second counter 
in such a way that the fractions and small aliquots for ninhydrin analysis 
were collected alternately. Elution rates were 12 ml./hour or less. 

Fig. 1 shows the sequence in which amino acids were eluted from the col- 
umns. The order is the same as was obtained by Hirs, Moore, and Stein 
with the method on which the present scheme was based (10). A complete 
separation of ninhydrin positive peaks was obtained with 8% cross-linked 
Dowex-50 in the second column. Phenylalanine was completely separated 
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Fic. 1. Chromatographic separation of amino acids of wheat gluten. 


on the Dowex-1 column and there was no overlapping of the alanine and 
ammonia peaks on the Dowex-50 column. Tryptophan is lost during hydro- 
lysis and, of the sulphur-containing amino acids, only methionine from acetate- 
2-C™ was collected in sufficient quantity for specific activity determinations. 

The combined fractions containing a given amino acid were evaporated to 
dryness. Those collected from the Dowex-50 column were freed of traces 
of soluble resin and hydrochloric acid by rechromatography on Dowex-1 
using acetic acid for elution (10). The amino acids crystallized upon eva- 
poration of the acetic acid, and their identity was confirmed by paper chroma- 
tography. The chromatograms showed a single ninhydrin positive spot 
indicating that the samples were not contaminated by other amino acids. 
The amounts collected ranged from 10 to 150 mg. 


Decarboxylation of Amino Acids 

The amino acids were partially degraded by decarboxylation according to 
the method of Van Slyke, MacFayden, and Hamilton (17) for titrimetric 
determination of carbon dioxide liberated from amino acids by ninhydrin. 
Samples of about 5 mg. of the amino acids in 4 ml. of solution buffered at 
pH 2.5 were used and carbon dioxide was collected in 2 ml. of 0.5 N carbon 
dioxide-free sodium hydroxide. 
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Experimental Results and Discussion 


Acetate-1-C' gave wheat meal with a specific activity of 113 muc./mM. CO; 
and the components isolated from it had the following specific activities: 
starch 66, albumin 126, gluten 234, ether soluble material 127, and bran or 
residue 77, all expressed as muc./mM.CQO:. Similarly with acetate-2-C™ 
the specific activities were: wheat meal 144, starch 60, albumin 219, gluten 
425, ether soluble material 242, and bran 84 myuc./mM.CO2. With both 
tracers, gluten was markedly more active than any other component isolated. 
The distribution of activity among the components is similar to that obtained 
the previous year (13) when cooler and less favorable growing conditions 
existed, and when leaf and stem rust reduced the quality of the grain. The 
most striking difference between results of the two years is in the percentage 
of administered tracer incorporated into the kernels. Thirty-eight and 48% 
of C from acetate-1-C'* and -2-C™, respectively, appeared in the kernels in 
the present experiments compared with the maximum incorporation of 17% 
and 33% obtained the previous year. It may be noted that the tracer was 
administered currently above the top node of the stem whereas, earlier, it 
had been given below this node. This technique and the favorable growth 
conditions may account for the increase in carbon-14 utilized {for kernel 
formation in 1955. 


TABLE I 


SPECIFIC ACTIVITY OF AMINO ACIDS OF GLUTEN FROM 
WHEAT INJECTED WITH ACETATE-C!# 








Specific activity, muc./mM. CO: 








Amino acid Acetate-1-C“ Acetate-2-C 
Glutamic acid 619 839 
Proline 363 800 
Arginine 251 490 
Aspartic acid 144 347 
Threonine 95 235 
Glycine 147 93 
Alanine 77 96 
Serine 111 103 
Methionine 119 
Leucine 50 91 
Isoleucine 21 52 
Valine 19 40 
Phenylalanine 50 56 
Tyrosine 70 73 
Histidine 24 12 


Lysine 30 53 
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TABLE II 


C CONTENT OF CARBOXYL GROUPS OF AMINO ACIDS FROM WHEAT INJECTED 
WITH ACETATE-C 








Percentage of total C™ 
in carboxyl group 
No. C atoms a ails 














per Acetate-1-C' Acetate-2-C'* 

Amino acid molecule (A) (B) A/B 
Glutamic acid 5 20.0 8.2 2.44 
Proline 5 26.7 11.9 2.24 
Arginine 6 17.0 7.0 2.43 
Aspartic acid* 4 78.0 32.6 2.39 
Threonine 4 43.0 17.4 2.47 
Glycine 2 44.8 41.8 1.07 
Alanine 3 32.1 24.5 1.31 
Serine 3 37.0 30.3 1.22 
Methionine 5 10.7 
Leucine 6 47.2 5.4 8.75 
Isoleucine 6 18.9 2.6 7.27 
Valine 5 34.3 12.3 2.79 
Phenylalanine 9 13.3 8.5 1.56 
Tyrosine 9 413.2 oe 1.70 
Histidine 6 8.8 12.5 0.70 
Lysine 6 19.8 10.6 1.87 





*Percentage of total C™ in the two carboxyls. 


The specific activities of 16 amino acids isolated from the labelled wheat 
samples are given in Table I, and Table II shows the specific activity of the 
carboxyl carbons expressed as a percentage of the total activity in the mole- 
cule. The number of carbons in each amino acid and the ratios of the per- 
centages of carbon-14 in the carboxyl from acetate-1-C"™ to that from acetate- 
2-C'* (A/B) are included to facilitate the interpretation. The amino acids 
labelled with acetate-2-C" are generally more active than those with acetate- 
1-C™, in accord with the observation (12) that more carboxyl than methyl 
carbon of acetate is lost through respiration. The A/B ratios, except that 
of histidine, are all greater than 1, confirming the suggestion (12) that the 
carboxyl carbon of acetate tends to appear in the carboxyl group of amino 
acids whereas the methyl group appears in positions other than the carboxyl 
group. 


Acetate-1-C™ yielded glutamic acid 3} times as active as the gluten from 
which it was derived, and almost 13 times as active as the weakly labelled 
starch from the same meal. Acetate-2-C™ gave glutamic acid that was about 
twice as active as the gluten from which it was isolated and more than 13 
times as active as the starch. Proline was next in order of specific activity, 
and arginine was the third most active. The relatively high specific activity 
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of the latter two amino acids may be associated with the high activity of the 
glutamic acid, and suggests that glutamic acid, proline, and arginine may 
be related metabolically in the maturing wheat plant much as they are known 
to be related in microorganisms (18) and mammals (16). 

The four-carbon amino acids aspartic acid and threonine were relatively 
active (5). More detailed information about these amino acids is presented in 
another communication (4), which considers in some detail their probable 
mode of biosynthesis. Glycine, serine, and alanine, the short-chain aliphatic 
amino acids, had medium specific activity. The percentage incorporation of 
acetate carboxyl into these amino acids was less than had been observed 
with microorganisms (2, 7, 9). The results for alanine, moreover, suggest 
that it is not derived from pyruvate in equilibrium with oxaloacetate because 
if it had been an A/B ratio similar to that of aspartic acid would be predicted. 

Other amino acids isolated were more weakly labelled, but varied markedly 
from each other both in total specific activity and in the extent of labelling 
of the carboxyl groups from acetate-1-C'™ and from acetate-2-C". No 
attempt is made at present to interpret the results directly in terms of the 
mode of acetate utilization for the synthesis of these amino acids, but for 
several compounds the labelling pattern is similar to that observed in animal 
tissues and microorganisms (2, 7, 9, 11). For example, acetate-1-C™ yielded 
leucine with 47% of the activity in carbon-1 whereas with acetate-2-C" only 
5.4% of the activity was in the carboxyl group. Similar results have been 
obtained with microorganisms (1, 2, 9) and is evidence that carbon-1 of acetate 
enters the leucine carboxyl group by a direct route. The high A/B ratio for 
isoleucine also indicates a marked specificity in utilization of acetate carboxyl 
to form the carboxyl group. A pronounced difference between the proportion 
of carbon-14 in the side chains of leucine and isoleucine is indicated. Valine, 
the other branched-chain amino acid, is also weakly labelled, and although 
the A/B ratio was markedly lower than with leucine and isoleucine it was the 
third highest observed. 

Histidine was weakly labelled but it is noteworthy that acetate-1-C gave 
twice as much activity in this amino acid as did acetate-2-C'. Furthermore, 
in accordance with microbiological studies (2, 7) the carboxyl group was 
derived more readily from the methyl carbon than from the carboxyl carbon 
of acetate. Similar labelling of the carboxyl groups of tyrosine and phenyl- 
alanine is consistent with the view that they have a common origin. The 
isotope content of lysine is in better accord with the idea that the labelled 
carboxyl groups originated from the recycling of carbon dioxide as in 
bacteria rather than by direct incorporation of acetate as in yeast (8). 

Utilization of acetate for amino acid biosynthesis in higher plants has been 
examined by several workers (3, 14, 15, 19) using a variety of plants. From 
these and other studies it appears that the incorporation of acetate varies 
considerably with the plant species and probably depends upon the part of 
the plant used and its stage of growth. More detailed investigation of the 
intramolecular distribution of carbon-14 in the carbon skeleton of the amino 
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acids is required to ascertain whether these differences result from the opera- 
tion of different metabolic processes or whether they are merely the result of 
the same processes occurring at different rates. The similarity of labelling 
patterns found in the present study with those observed for animal tissues 
or microorganisms suggests that many of the reactions involved in amino 
acid biosynthesis are common to different types of living matter. 
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365 
STUDIES ON WHEAT PLANTS USING C“ COMPOUNDS 


IV. DISTRIBUTION OF C“ IN GLUTAMIC ACID, ASPARTIC ACID, AND 
THREONINE ARISING FROM ACETATE-1-C“ AND -2-C"%! 


E. Brtinsk? AND W. B. McCoNNELL 


Abstract 


Glutamic acid, aspartic acid, and threonine isolated from the gluten of wheat 
plants to which acetate-1-C™ or -2-C™ was administered during growth have 
been degraded to determine the complete intramolecular distribution of C™. 
Sixty-three per cent of the activity in glutamic acid arising from acetate-1-C™ 
was in carbon-5 and 20% in carbon-1; glutamic acid from acetate-2-C™ contained 
43% of the activity in carbon-4 and about 18% in each of carbons 2 and 3. 
Acetate-1-C™ resulted in labelling largely in the terminal carbons of aspartic 
acid, and acetate-2-C™ preferentially labelled the internal carbons. The results 
show that the Krebs’ citric acid cycle provides a major pathway for the biosyn- 
thesis of the dicarboxylic amino acids of wheat gluten. 

Striking parallelism in the intramolecular distribution of carbon-14 in aspartic 
acid and threonine demonstrates that these amino acids are closely linked 
biosynthetically and is in accord with the idea that aspartic acid provides the 
carbon skeleton for threonine. 


Introduction 


In paper III (2) of this series 16 amino acids were isolated from the gluten 
of wheat plants to which acetate-1-C™ or -2-C' was administered during 
late stages of growth. Wide variation in the specific activity of the amino 
acids was noted and it was shown that amino acids usually regarded as arising 
from intermediates of the Krebs’ citric acid cycle were especially rich in C™. 
The three most active amino acids in order of decreasing activity were glutamic 
acid, proline, and arginine. Aspartic acid and the other four-carbon amino 
acid, threonine, were next in order of specific activity. 

The dicarboxylic amino acids glutamic acid and aspartic acid isolated in 
the above experiments have now been degraded chemically to give complete 
information about the intramolecular distribution of C™ arising both from 
acetate-1-C' and from acetate-2-C'. The results confirm an earlier sug- 
gestion (7, 8) that the conventional Krebs’ citric acid cycle provides a major 
pathway for the incorporation of acetate carbon into the dicarboxylic amino 
acids of wheat gluten. The results also suggest that threonine is closely 
linked metabolically with aspartic acid. 


Experimental Methods 


The samples of glutamic acid, aspartic acid, and threonine used for the 
present study were those previously isolated from wheat gluten by chroma- 
tography on ion exchange columns (2). The C™ was introduced into the 
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plants by injecting acetate-1-C™ or acetate-2-C™ into the stems of each of 
a series of wheat plants at a time when the kernels were in the “early dough”’ 
stage (72 days after seeding). The amino acids were isolated from the seeds 
of mature plants harvested 98 days after seeding. The specific activities 
of the glutamic acid, aspartic acid, and threonine as isolated from plants 
given acetate-1-C™ were 443, 103, and 68 myc./mM.CO, respectively. 
Specific activities of these amino acids after acetate-2-C™ injections were 
821, 340, and 230 myuc./mM. COs: respectively. The specific activities of 
the amino acids isolated were relatively high but since the quantity of material 
was limited each compound was diluted by suitable addition of carrier. 


Degradation Methods 
Glutamic acid (2 mM.) 


The method of Mosbach et al. (9) was used to isolate the carbons from each 
of the five positions of glutamic acid. The scheme was modified slightly by 
using Neish’s method (10) of silicic acid column chromatography to purify 
volatile fatty acids. Ninhydrin decarboxylation gave carbon-1 (16). An 
alternative isolation of C; of glutamic acid by conversion to a@-aminobutyric 
acid and carbon dioxide by the Schmidt reaction (1, 12) gave results that 
were in excellent agreement with the Mosbach procedure. 


Aspartic acid (1 mM.) 

The method of Ehrensvard (5), with some modification, was used to degrade 
aspartic acid. Ninhydrin decarboxylation gave carbons 1 and 4 combined 
as carbon dioxide (16). The distinction between these was obtained by 
decarboxylation of another sample with chloramine T as described by 
Ehrensvard (5). The conditions used are such that chloramine T yields 
carbon dioxide containing carbon from positions 1 and 4 of aspartic acid 
in the proportion of 4:1. Hypochlorite oxidation of a third aliquot according 
to Langheld (6) yielded acetaldehyde containing carbons 2 and 3. Continu- 
ous steam distillation was used instead of the original vapor current reaction. 
Acetaldehyde was oxidized to acetic acid with alkaline permanganate, 
purified on a silicic acid column (10), and degraded according to Phares (12), 
giving separately carbons 2 and 3. 


Threonine (1 mM.) 


Carbons 3 and 4 were obtained as acetaldehyde by the Ehrensvard modi- 
fication (5) of the periodate oxidation method of Nicolet and Shinn (13). 
Acetaldehyde was degraded as above giving separately carbons 3 and 4. 
Carbon-1 of threonine was isolated as carbon dioxide by ninhydrin decar- 
boxylation (16). Carbon-2 was calculated by difference. 

The specific activity of all samples was determined by counting carbon 
dioxide as a gas (4). 

Carbon dioxide from each position in the amino acids was collected in 
carbonate-free sodium hydroxide. Two aliquots of each of these solutions 
were taken for duplicate estimates of carbon dioxide concentration and two 
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TABLE I 


VARIABILITY OF SPECIFIC ACTIVITY DETERMINATIONS ON CQ. SAMPLES FROM 
DEGRADATIONS 








Difference between duplicates 
(% of total activity of the amino acid) 





Source of CO, Acetate-1-C™ Acetate-2-C™ 








Glutamic acid 


Cc 0.6 0.1 
C, 0.1 0.3 
C; 0.1 0.1 
Cy 0.1 0.8 
Cs 1.3 0.1 
Aspartic acid 
C+ Cy 3.9 0.2 
4/5C, + 1/5 Cy 3.8 2.2 
C; 0.3 1.0 
C; 0.1 0.5 
Threonine 
Ci 0.2 0.6 
C; 1.3 2.3 
Cy 2.6 2.5 





were taken for counting. Differences between calculated specific activities 
of the duplicates are given in Table I as an indication of the reliability of 
results to be presented. Careful purification of intermediates during the 
degradation procedure virtually eliminates the possibility of error arising 
from intermixing of carbon dioxide from different positions, but some addi- 
tional error may arise from contamination by atmospheric carbon dioxide. 


Results and Discussion 
Degradation of Glutamic Acid 


The results obtained from degradation of glutamic acid are shown in Fig. 1. 
The specific activities (myuc./mM. CO) of the carrier containing glutamic 
acid samples for acetate-1-C' and -2-C were 46 and 50 respectively. 
Results for each carbon are expressed as the percentage contribution made to 
this value. The specific activity of certain carbons in the glutamic acid 
was relatively high, showing marked specificity in the utilization of acetate. 
Carbon-5 of glutamic acid from acetate-1-C™, for example, has more than 
40 times the activity of starch isolated from the same kernels of wheat. 
Localization of C™ clearly depends upon whether the carboxyl or methyl 
group of acetate was labelled. Carbon-5 is particularly active when acetate- 
1-C is administered and carbon-4 is most active when acetate-2-C" is given. 

The results suggest that much of the activity in the glutamic acid originated 
by incorporation of the acetate moiety as carbons 4 and 5. Thus glutamic 
acid could be formed by the well known amination reaction of a-ketoglutaric 
acid, the latter being formed from acetate and oxaloacetic acid by way of the 
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0 0H NH Hp Hp 00H 
4 / 4 4 ¥ 
acetate -1-c'* 


PERCENT OF GLUTAMIC ACID ACTIVITY 











POSITION OF CARBON 


Fic. 1. Distribution of C in glutamic acid. 


classical Krebs’ citric acid cycle. According to this scheme the first turn of 
the cycle gives labelling in carbons 5 or 4 from acetate-1-C"™ or -2-C™ respec- 
tively. Activity in other carbons must then be introduced by an alternative 
pathway or asa result of recycling in the citric acid cycle. The results are in 
qualitative agreement with the suggestion that recycling is responsible for 
most of the C not introduced during the first cycle. For example, a-keto- 
glutaric acid not withdrawn from the cycle the first time would be decar- 
boxylated to produce symmetrically labelled succinic acid. This in turn 
would appear as oxaloacetic acid, which could condense with acetic acid 
and so continue through the cycle a second time. If then the a-ketoglutaric 
acid had been labelled in position 5 (from acetate-1-C™) the resulting oxalo- 
acetic acid would be labelled equally in carbons 1 and 4. Upon recycling, 
carbon-1 would be lost by decarboxylation, and carbon-4 would appear as 
carbon-1 of a-ketoglutaric acid and hence in carbon-1 of glutamic acid 
(compare with Fig. 1). Since recycling a third time would result in loss of 
carbon-1 of a-ketoglutaric acid as carbon dioxide the scheme provides no 
direct means for incorporating C, of acetate into carbons 2, 3, and 4 of glu- 
tamic acid. However, carbon dioxide-C™ reincorporated photosynthetically 
could readily account for relatively small amounts of C™ in internal carbons. 
If a-ketoglutaric acid-4-C" (from acetate-2-C™) was recycled once, the label 
would reappear symmetrically in carbons 2 and 3 without loss of C4“. Further 
recycling would result in some loss of C as C“O,. and would introduce some 
activity in position 1. Results are in accord with these predictions, and the 
citric acid cycle undoubtedly accounts for the formation of the immediate 
precursor of glutamic acid. 
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POSITION OF CARBON 


Fic. 2. Distribution of C“ in aspartic acid and threonine. 
* = Values calculated by difference. 


Degradation of Aspartic Acid 

The specific activity (myuc./mM. COs) of the carrier containing aspartic 
acid samples for acetate-1-C™ and -2-C™ were 6.6 and 4.5 respectively. 
Results for the degradation (Fig. 2) indicate that aspartic acid is probably 
formed by amination of the citric acid cycle intermediate, oxaloacetic acid. 
Because the symmetrical intermediate, succinic acid, occurs between a- 
ketoglutaric acid and oxaloacetic acid, symmetrical labelling would be 
expected in the aspartic acid. Thus acetate-1-C' would introduce tracer into 
positions 1 and 4, and acetate-2-C™ into positions 2 and 3. In general, 
this was the pattern observed. However, with acetate-1-C™ a significant 
amount of C™ was found in the internal carbons and since this would not 
occur directly from the operation of the citric acid cycle it must have arisen 
from processes such as photosynthetic fixation of C“O,.. It is doubtful if the 
difference between carbon-2 and -3 is significant in the single experiment 
reported but the same trend appears in glutamic acid. This difference 
would not be expected if it is assumed that oxaloacetate is in equilibrium 
with symmetrical intermediates such as succinate or fumarate. 

The internal carbons of aspartic acid from plants given acetate-2-C™ were 
of almost equal activity, and contained about twice as much carbon-14 as 
did the external carbons. The presence of appreciable activity in the ter- 
minal carbons can be accounted for by assuming some recycling of oxaloacetic 
acid-2,3-C™. 

The formation of oxaloacetic acid by “‘tail-to-tail’’ condensation of acetate 
(14) would satisfactorily explain the labelling in aspartic acid but could not 
account for the pattern observed in the highly active glutamic acid. It 
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must therefore be rejected as a reaction contributing significantly to biosyn- 
thesis of glutamic acid in the present system, and probably is not important 
for the formation of aspartic acid. 

Tomlinson (15) explained the labelling in glutamic acid isolated from the 
anaerobic bacterium, Clostridium kluyveri, by postulating the formation of 
a-ketoglutaric acid by a modified citric acid cycle. The effect of the modi- 
fication would be to yield carboxyl carbon of acetate in the 1-position of 
a-ketoglutaric acid without recycling. Tomlinson’s scheme, if operating to 
a small extent, could offer an alternative explanation for the C™ content of 
carbon-1 in glutamic acid arising from acetate-1-C'. However, according 
to the modified scheme the methyl group of acetate should appear in position 2, 
and since carbons 2 and 3 in glutamic acid from acetate-2-C" are [Iabelled 
similarly, the present observations are best explained by assuming recycling 
through the conventional citric acid cycle. 

Comparison of results from the present study with those obtained with 
other higher plants is difficult because in many earlier reports complete 
intramolecular distribution of C' is not given. For example, Nelson and 
Krotkov (11) concluded that the citric acid cycle could not account for the 
formation of glutamic acid in leaves of the broad bean. Their conclusion 
was based in part upon a short time experiment using acetate-1-C"™ in which 
up to 13% of the activity in the glutamic acid molecule was found in position 1, 
the only carbon atom examined individually (the value found in the present 
longer time experiment is 20%). Such disagreement suggests that different 
plants or plant tissues may vary not only in relative rates of synthetic reac- 
tions, but also in their basic metabolic pathways. However, since recycling 
may give activity in carbon-1 the conclusion of Nelson and Krotkov may 
not be entirely valid. 


Degradation of Threonine 


The specific activity (myuc./mM.CO,) of carrier containing threonine 
samples for acetate-1-C™ and -2-C™ were 4.2 and 7.3 respectively. Carbon- 
14 distribution in threonine is compared to that in aspartic acid in Fig. 2. 
The remarkable parallelism in the labelling pattern of these amino acids 
derived either from acetate-1-C™ or from acetate-2-C™ shows that they are 
closely linked biosynthetically and it is altogether probable that the carbon 
skeleton of threonine in wheat gluten is derived from aspartic acid. This 
interconversion has not been shown in plants, but it has been established 
with microorganisms (3). The fact that homoserine, an accepted intermediate 
in the transformation, has been found in plants (17) suggested that it may 
in fact occur and prompted the current examination of threonine labelling. 

It is noted that results presented herein were obtained with whole plants 
growing normally under natural conditions. The major conclusion drawn 
is that the tricarboxylic acid cycle plays an important role in the biosynthesis 
of the dicarboxylic amino acids of wheat gluten. Known enzymatic reactions 
satisfactorily explain all the observed features of C™ distribution in the amino 
acids studied. 
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FURTHER STUDIES ON THE PURIFICATION 
OF ANTITHROMBIN AND HEPARIN COFACTOR! 


F. C. MONKHOUSE AND D. W. CLARKE 


Abstract 


Recently a concentrate of antithrombin and heparin cofactor was obtained 
from beef plasma by adsorption with aluminum hydroxide, elution with phosphate 
buffer, and subsequent fractionation with ammonium sulphate. The material 
obtained contained alpha globulin and albumin. Various electrophoretic 
techniques have now n employed in an effort to separate and purify 
antithrombin and heparin cofactor from the concentrates. Patterns obtained on 
starch and on paper indicate that both antithrombin and heparin cofactor are 
found with the alpha globulins or associated lipoproteins. The most active 
fractions have been obtained by the use of a vertical curtain electrophoretic 
apparatus. In terms of activity per mg. of nitrogen, antithrombin has been 
purified 7. 5-fold and heparin cofactor 130-fold over the concentrates prepared by 
ammonium sulphate fractionation of phosphate eluates. 


Until recently antithrombin and heparin cofactor were considered distinct 
plasma proteins associated with the albumin fraction. Monkhouse, France, 
and Seegers (6) prepared a fraction from beef plasma which contained eight 
times as much antithrombin activity per mg. of nitrogen as whole plasma. 
The heparin cofactor activity of this fraction was correspondingly con- 
centrated. It was not found possible to separate the two types of activity 
or to destroy one without destroying the other. These results agreed well 
with those of Burstein (2) and Lyttelton (5). Burstein concluded that 
what has generally been considered as two separate substances is in reality one. 
Lyttelton, who used the cold ether precipitation method of Kekwick (4) for 
fractionation of the plasma protein, followed by electrophoretic separation, 
concluded that while both factors were associated with the alpha globulins, 
they were probably not identical. The complexity of the alpha globulin 
fraction has been emphasized by the work of Smithies (9), who has recently 
shown that the alpha globulin fraction is made up of at least six distinct 
proteins. 

The antithrombin concentrate of Monkhouse ef al. (6) was obtained by 
adsorbing the active material on aluminum hydroxide and eluting it with 
phosphate buffer. The eluate was further fractionated with ammonium 
sulphate. The activity was contained in the fraction soluble at 40% saturation 
and insoluble at 70% saturation with ammonium sulphate. This fraction 
contained mainly alpha globulins and albumins. Further experiments 
have been undertaken in an attempt to determine which protein is most 
closely associated with the activity. Beef plasma was used as the starting 
material in all the experiments reported in this paper. 
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Materials and Methods 
Materials 


Aluminum hydroxide-——This was prepared according to the method of 
Bertho and Grassman as described by Biggs and Macfarlane (1). The 
final precipitate was suspended in water to make a total volume of 600 ml. 
To adsorb the antithrombin and heparin cofactor from plasma, 50 ml. of 
this suspension were used for each 100 ml. of plasma. 

Phosphate buffer —Sodium phosphate, 0.2 M, pH 7.8. 


Tris buffer —Trimethylol aminomethane (15.8 g.) was dissolved in 1500 ml. 
of distilled water and the pH was adjusted to 8.5 by the addition of 1 N HCl. 
The volume was made up to exactly 2 liters. 

Thrombin.—For the antithrombin assay a highly purified thrombin, kindly 
supplied by Dr. Seegers, was used. This was prepared from purified bovine 
prothrombin by autocatalysis in 25% sodium citrate solution as previously 
described (7). For the cofactor assay Thrombin Topical (Parke Davis & Co.) 
was used. A solution containing 140 units per ml. in a solvent containing 
equal quantities of glycerol and physiological saline was used as a stock 
solution. For the test this was diluted 10-fold with saline adjusted to a pH 
of 7.4 with Tris buffer. 

Heparin.—Commercial beef heparin was kindly supplied by Connaught 
Laboratories, Toronto. 


Barium Carbonate Treated Plasma 


Baker’s barium carbonate (reagent grade) was added to citrated plasma 
in the proportion of 5 g. per 100 ml. The mixture was kept at room 
temperature, with occasional stirring, for 10 minutes. At the end of that 
time it was centrifuged and the supernatant plasma removed and cooled 
to 4° C. and stored at this temperature until it was used. 


Standard for Comparison of Heparin Cofactor Activity 


The fibrinogen was removed from 200 ml. of barium carbonate treated 
plasma by heating the plasma to 53° C., maintaining that temperature for 
3 minutes, and then quickly cooling and filtering the mixture through several 
layers of gauze. This filtrate was mixed with 100 ml. of aluminum hydroxide 
and after 10 minutes at room temperature, the mixture was centrifuged. 
The precipitate was washed with 100 ml. of distilled water and centrifuged. 
The water was discarded and the precipitate mixed with 80 ml. of phosphate 
buffer, gently agitated for 15 minutes at room temperature, and centrifuged. 
The supernatant was retained. The process was repeated using 40 ml. of 
buffer. The two supernatants were combined, placed in small test tubes in 
5 ml. aliquots and stored at —20° C. 


Preparation of Fibrinogen 


One hundred millileters of 25% sodium citrate were slowly added to 
100 ml. of cold barium carbonate treated bovine plasma. The precipitate 
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was removed by centrifugation, washed twice with 25 ml. quantities of 15% 
sodium citrate, and dissolved in 50 ml. of physiological saline. This solution 
was mixed with 50 ml. of ‘antithrombin — heparin-cofactor-free plasma” 
(see below) to increase the stability of the fibrinogen, and the mixture was 
dialyzed in the cold for 4 hours against repeated changes of 1-liter quantities 
of physiological saline containing 0.25% sodium citrate. The product 
was free of cofactor and stable at room temperature for at least 24 hours. 


Antithrombin — Heparin-cofactor-free Plasma 

The supernatant obtained during the preparation of standard heparin 
cofactor usually contained only a trace of antithrombin or heparin cofactor 
activities. These activities were destroyed by heating the supernatant 
at 65° C. for 15 minutes, then quickly cooling it. 


Antithrombin Assay 

This was done according to method of Monkhouse, France, and Seegers 
(6), using TAMe (p-toluensulphonyl — arginine — methyl ester) as a substrate 
for the thrombin. 


Cofactor Assay 

Heparin added to antithrombin extract does not increase the ability of 
the latter substance to destroy thrombin but greatly augments its ability to 
prevent the action of thrombin on fibrinogen. Thus fibrinogen is still required 
to demonstrate heparin cofactor activity. Absolute purity of fibrinogen 
is not necessary for the measurement of cofactor. The primary requirement 
is that it be free of cofactor to the extent that a large increase in heparin 
concentration will result in only a small increase in the thrombin clotting time. 
The use of sodium citrate as a precipitating agent enables technicians not 
previously trained in this field to prepare a stable fibrinogen which meets 
this requirement. 

To carry out the cofactor assay, 0.3 ml. of fibrinogen, 0.1 ml. of heparin 
solution (3.0 units/ml.), and 0.2 ml. of a dilution of the unknown cofactor 
are placed in a standard clotting tube. Immediately after mixing, 0.1 ml. of 
the dilute thrombin solution is added and the clotting time noted. In the 
presence of heparin and cofactor, thrombin will often cause a tiny precipitate 
of fibrin to form, which floats to the top of the solution. The rate at which 
this fibrin forms bears little relation to the concentration of heparin or of 
cofactor. For this reason, the mixture is considered to be clotted only when 
a firm gel has formed. Quadruplicate determinations are carried out for 
each dilution, and that dilution of the unknown cofactor is found which will 
give an average response equivalent to that of a 1:10 dilution of a standard 
cofactor solution. 

An example of a typical assay is illustrated in Table I. A 1:22 dilution 
of the unknown is equivalent to 1:10 dilution of the standard. For purposes 
of comparison, the standard cofactor preparation is arbitrarily given a potency 
of 100 units per ml. Thus the particular unknown would have a potency 
of 220 units per ml. 
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TABLE I 


HEPARIN COFACTOR ASSAY 








Clotting time (sec.) 








Cofactor 1 2 3 + Average 
Nil 15 16 16 14 15 
1:10 dilution standard 22 21 21 20 21 
1:6 unknown 300 300 300 300 300 
1:12 unknown 300 300 300 300 300 
1:20 unknown 24 24 23 26 24 
1:22 unknown 23 19 20 21 _21 





Note: Clotting medium 0.3 ml. fibrinogen, 0.1 ml. cofactor, 0.1 ml. of 3 units/ml. 
heparin, and 0.1 ml. thrombin. 


Results 


Originally all fractions were eluted from aluminum hydroxide by means 
of 0.2 M phosphate buffer. Experiments indicated that the active material 
could also be eluted from the adsorbate with sodium citrate. Consequently, 
it seemed desirable to ascertain which solution was the more efficient before 
proceeding with further purification. Table II illustrates the results of an 
experiment on 1400 ml. of beef plasma divided into seven 200 ml. quantities. 
The active material was obtained from all samples by the procedures outlined 
for the preparation of heparin cofactor used for a standard. Phosphate 
buffer was used as an eluting fluid for four of the samples, while the remaining 
three were eluted with 4% sodium citrate. It is obvious that the citrate 
solution, under these conditions, is not as effective as the phosphate in eluting 
the active material from the aluminum hydroxide. Consequently, phosphate 
buffer has been used as the eluting solution in the preparation of all material 
used as the starting material for further purification. 


TABLE II 


A COMPARISON OF THE ABILITY OF CITRATE AND PHOSPHATE 
SOLUTIONS TO ELUTE PLASMA ANTITHROMBIN 
ADSORBED ON ALUMINUM HYDROXIDE 








Antithrombin 








Eluting — 
Sample solution Unit/ml. Total yield % yield 
1 Citrate 200 24,000 48 
2 Phosphate 300 36,000 72 
3 Citrate 150 18,000 36 
4 Phosphate 300 36,000 72 
5 Citrate 275 28 ,000 56 
6 Phosphate 350 42,000 84 
7 Phosphate 350 42 ,000 84 





Note: Per cent yield is based on the antithrombin titration of 
the defibrinated, BaCO; treated plasma prior to the aluminum 
hydroxide adsorption. 
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The next step in purification was a fractionation of the eluate with saturated 
ammonium sulphate. The precipitated material was dissolved in buffered 
saline, dialyzed rapidly against frequent changes of distilled water, and 
reduced to dryness by lyophylization. Typical zone electrophoretic patterns 
for the different fractions are illustrated in Fig. 1. Throughout the remainder 
of this report F1 refers to the fraction of eluate precipitated at 40% ammonium 
sulphate concentration, F2 the fraction precipitated when the concentration 
of ammonium sulphate was raised to 70%. In this particular experiment 
Fi and F2 were prepared as 5% solutions of the freeze-dried material. The 
electrophoretic patterns were obtained using veronal buffer of pH 8.5 + 0.1, 
ionic strength 0.05, and applying a potenital gradient of 8 volts/cm. for 
16 hours. The fraction F2, which contains almost all the antithrombin and 
heparin cofactor activities, appears to be made up mainly of albumin and 
alpha globulins. Fig. 2 shows patterns obtained with the starch electro- 
phoretic technique described by Smithies (8). The fractions from the 
phosphate eluates contained approximately twice as much antithrombin and 
heparin cofactor activity as those from citrate eluates. It is apparent from 
the picture that the main change in pattern which could be related to the 
change in activity is observed in the zone immediately following the albumin. 

These findings suggested the possibility of purifying the active material 
by using wider blocks of starch and cutting them into sections guided by the 
staining of a small border strip. It was not found possible, however, to elute 
the material from the starch. Some success was achieved by using Munktell 
No. 3 paper and the results of a typical experiment are shown in Fig. 3. The 
separation was carried out at room temperature for 3 hours at a potential 
gradient of 20 volts/em. Other conditions were the same as outlined in 
reference to Fig. 1. A strip of paper 6 X 10 in. was used and 0.25 ml. of an 
F2 concentrate was placed as a series of drops along a line across the width 
of the paper. At the end of 3 hours a strip 1 in. wide was cut off and stained 
with Sudan black. Using this as a guide the remainder of the paper was 
divided into five parts as indicated in Fig. 3. The paper sections were minced 
in 1.5 ml. of Tris buffered saline (pH 7.4) and left overnight at 4° C. At the 
end of that time the liquid was separated from the paper mash by squeezing 
the mash dry with a glass rod. A heparin cofactor assay was carried out on 
the extracts. The results obtained with each extract are shown (Fig. 3) 
in the colums appropriate to each section. An increased clotting time indicates 
the presence of cofactor. It is apparent that section 2, which has the mobility 
of alpha globulin, is the only one showing any activity. 

While the above techniques have enabled us to establish fairly definitely 
that the antithrombin and heparin cofactor activities are functions of the 
alpha globulin fraction, the amount of material obtained by these methods 
has been very small. By the use of vertical curtain electrophoresis (Spinco 
Model C.P.) we have succeeded in fractionating larger quantities of material. 
The results of a typical experiment are shown in Table III. The starting 
material in this experiment was an F2 preparation. Phosphate buffer pH 7.5 
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TABLE III 


ANTITHROMBIN AND HEPARIN COFACTOR ACTIVITY OF FRACTIONS 
OBTAINED BY VERTICAL CURTAIN ELECTROPHORESIS 











Antithrombin Heparin cofactor 

Vo ———————_ Nitrogen, 

Sample (ml.) Unit/ml. Unit/mg. N  Unit/ml. Unit/mg. N mg./ml, 
Original* 19.00 915 100 20 Pe 9.20 
5-12 9.20 Nil Nil Nil Nil 3.55 
13-16 3.50 785 143 Nil Nil 5.50 
17-19 1.40 2000 755 750 283 2.65 
20-22 2.90 325 125 Nil Nil 2.60 
23-26 8.80 485 346 Nil Nil 1.40 





Note: Total recovery 53% nitrogen, 60% antithrombin, 300% heparin cofactor. 
*Original was an F2 preparation. 


and ionic strength 0.05 was used. The experiment was carried on over a 
period of 24 hours at a potential gradient of 20 volts/cm. The collecting 
tubes were arranged in such a manner that the lower numbered tubes collected 
the proteins of higher mobility and vice versa. The tubes were grouped as 
in Table III and the volumes reduced by pre-evaporation. The most active 
fraction was that collected in tubes 17-19. This fraction showed a 7.5-fold 
increase of antithrombin activity and 130-fold increase in heparin cofactor 
activity per mg. of nitrogen compared to the original F2 preparation. The 
electrophoretic patterns of these fractions as obtained on Munktell paper are 
shown in Fig. 4. Consistent with the previous experiments the most active 
fraction is free of albumin and has a mobility similar to that of alpha globulin. 
Strangely enough the slowest moving fraction (tubes 23-26) contained an 
increased antithrombin activity though no heparin cofactor activity could 
be demonstrated. Similarly the fractions 13-26 and 20—22 showed considerable 
antithrombin activity but no measureable heparin cofactor activity. - Either 
the two are distinct entities and separable or the manifestation of heparin 
cofactor activity, which depends on coagulation time, is masked by inhibitory 
material. There is ample evidence for the presence of inhibitory material 
in these F2 fractions. In this particular experiment the total recovery for 
protein nitrogen is 53%, that for antithrombin activity 60%, while for heparin 
cofactor activity it is 300%. This threefold increase of total cofactor activity 
can be attributed to the removal of inhibitory material. Further evidence 





Fic. 1. Zone electrophoretic pattern on Munktell No. 2 paper, veronal buffer pH 
8.5 + 0.1, ionic strength 0.05 at 8 volts/cm. for 16 hours. P, defibrinated plasma; 
E, phosphate eluate from aluminum hydroxide adsorbate of defibrinated plasma; 
F, fraction of eluate precipitated at 40% ammonium sulphate saturation; F2, fraction 
of eluate precipitated between 40 and 70% saturation with ammonium sulphate. 

Fic. 2. Electrophoretic patterns on starch. Pattern No. 1 represents defibrinated 
plasma; No. 2, the same plasma after removal of the antithrombin and heparin cofactor 
activities by adsorption on aluminum hydroxide. The last four patterns are obtained 
from F2 fractions, Nos. 3 and 5 from citrate eluates, and Nos. 4 and 6 from phosphate 
eluates. 
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Fic. 5. The thrombin clotting times of dog plasma to which has been added varying 
quantities of heparin cofactor in the form of an F2 concentrate. Clotting mixture 0.3 ml, 
plasma, 0.2 ml. of varying strength of cofactor, 0.1 ml. saline or heparin, and 0.1 ml, 
thrombin. O = 0.3 units heparin added; @ = no heparin added. 





for the presence of inhibitory material is given in Fig. 5. When various 
dilutions of an F2 preparation are added to dog plasma containing heparin, 
and the mixture is clotted by adding thrombin, maximum increase in clotting 
time is obtained with the 20% solution. Further increase in the amount 
added results in shortening of the thrombin clotting time to a point below 
that of a sample which contains no added cofactor. 


Discussion 


The antithrombin potency of defibrinated plasma or serum is the result of 
two distinct types of action; (a) destruction of thrombin, and (6) interference 
with the action of thrombin on fibrinogen. In this paper the term antithrom- 
bin activity has been used to indicate a plasma constituent which destroys 
thrombin. The term heparin cofactor activity has been used to refer to a 
plasma constituent which in the presence of heparin prevents thrombin from 
clotting fibrinogen. With the assumption that a better knowledge of the 
relationship between antithrombin and heparin cofactor, and an understanding 
of the part they play in blood coagulation, can only be obtained by a study 
of more purified substances, we have attempted to isolate the active fractions. 

Various electrophoretic techniques have been employed in an effort to 
separate and purify antithrombin and heparin cofactor from concentrates 
prepared by the method of Monkhouse et al. (6). Patterns obtained on 
starch and on paper indicate that both antithrombin and heparin cofactor 
activities are found mainly with the alpha globulins or associated lipoproteins. 
The most active fractions have been obtained by the use of a vertical curtain 





Fic. 3. Results of heparin cofactor assay on material eluted from paper after 3 hours 
electrophoretic separation at 20 volts./em of an F2 fraction. Increased clotting time 
indicates presence of active material. Direction of movement is from left to right. 

FS, full strength; 50%, diluted 1:1 with Tris buffered saline; 33%, diluted 1:2 with 
Tris buffered saline; 20%, diluted 1:4 with Tris buffered saline. 

Fic. 4. Electrophoretic patterns of fractions obtained by use of the vertical curtain 
electrophoretic apparatus. For activity of fractions compare with Table III. Original 
refers to an F2 concentrate which was used as starting material for the fractionation, 
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electrophoretic apparatus. In terms of activity per mg. of nitrogen, antithrom- 
bin has been purified 7.5-fold and heparin cofactor 130-fold over the 
concentrates prepared by ammonium sulphate fractionation of phosphate 
eluates. 

Though this represents some progress, the question of whether antithrombin 
and heparin cofactor are distinct plasma proteins remains unanswered. 
Fractions with antithrombin activity but without demonstrable heparin 
cofactor activity have been obtained by the use of the vertical curtain 
electrophoretic technique. Nevertheless it would be unwise to conclude 
from these results that they are separate proteins. Many fractions contain 
material which inhibits the action of heparin and thus interferes with heparin 
cofactor assay. Further it has not been possible to prepare any fraction 
exhibiting heparin cofactor activity which did not also show antithrombin 
activity. 

It has been observed by other workers (7, 10) that organic solvents destroy 
antithrombin activity. Fell et al. (3) reported that ether treatment at room 
temperature did not destroy heparin cofactor activity. We have been 
unable to confirm this. We find that ether destroys both antithrombin and 
heparin cofactor at room temperature. The exact relationship between 
activity and the lipoprotein content of the fractions has not been determined 
in this series of experiments. It has been observed in our laboratory, 
however, that the concentrates of antithrombin and heparin cofactor 
consistently have a high lipid content. In one experiment, an F2 fraction 
was adjusted to a specific gravity of 1.063 and then centrifuged for 24 hours 
at 100,000 g. This resulted in sedimentation of both antithrombin and 
heparin cofactor and a similar concentration of their activities. This would 
indicate that if the active material is associated with lipid it is most likely 
in the form of a high density lipoprotein. 
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AN ACCURATE METHOD FOR THE ESTIMATION OF 
LOW CONCENTRATIONS OF DEXTRAN IN PLASMA! 


ROBERT E. SEMPLE 


Abstract 


A method is presented for the determination in plasma of small (50-150 mg./ 
100 ml.) amounts of dextran. The procedure, which requires between 3 and 4 
hours, consists of protein precipitation, glucose removal by dialysis, and the 
determination of the carbohydrate concentration of the resulting aqueous 
extract by a modified anthrone technique. Results of in vitro tests show that 
average dextran recovery is essentially 100% and that standard deviations in 
recovery range from 1.7 to 2.5% depending upon the dextran concentration. 
Deviations are reduced to a range of 1.4-1.7% by the use of duplicate plasma 
samples. 


Introduction 


Although dextran is now well known as a plasma substitute, it is perhaps 
less well known as a rather versatile tool in physiological research. Thus, 
suitable preparations have been used to study erythrocyte sedimentation 
rate (4), capillary permeability (17), and circulating plasma volume (13, 
14). Without exception the assay methods for dextran in plasma that are 
described in the literature (5, 1, 6, 7, 9, 18) are reasonably accurate only for 
concentrations greater than about 300 mg. dextran per 100 ml. plasma. 
This limitation can be accepted in most clinical studies that concern plasma 
expanders but very often cannot be accepted in other investigations. Thus, 
when dextran is used to estimate plasma volume (13, 14), concentrations of 
dextran in the order of 60-150 mg. per 100 ml. plasma must be measured 
accurately and within a reasonable period of time. 

The anthrone-carbohydrate reaction has been shown to be an extremely 
sensitive (3) and accurate (8, 9) method for determining concentrations of 
dextran in water, but the presence of glucose in extracts of plasma has prevented 
the full exploitation of these qualities in biological assays. In the method 
to be described this difficulty is minimized by a simple dialysis procedure; 
glucose is thus removed and dextran concentrations are measured in essentially 
aqueous media by a modified anthrone technique. The method is accurate 
for plasma containing more than 50 mg. dextran per 100 ml. and, under 
ordinary conditions, the time required for completion of the assay is 3 to 4 
hours. 


Method 
Reagents 
1. Five per cent trichloroacetic acid 
2. Anthrone reagent.—Dissolve 0.2 g. anthrone powder in and bring to 
100 ml. with 95% reagent grade sulphuric acid. A volume sufficient for the 


1Manuscript received January 24, 1957. : 1 
Contribution from the Department of Physiology, Queen’s University, Kingston, Ontario. 
Supported in part by Medical Grant No. 9310-15 from the Defence Research Board of Canada. 
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day’s work can be prepared, but satisfactory results are not obtained with a 
mixture that has been stored for longer periods. 


3. A standard solution.—A glucose solution, the concentration of which is 
precisely known (about 5 mg./100 ml. water) can be used but a standard 
prepared from the dextran to be used in the experimental work is preferable. 
This may be prepared from a commercial glucose-free (6%) clinical prepara- 
tion? in one of two ways. If a polarimeter is available, bring 2 ml. of the 
clinical solution to 25 ml. with distilled water. Measure the optical rotation 
of this stock solution and calculate the exact concentration from the specific 
rotation ([a] #”), which can be taken as +200° for British and +198° for 
American dextran, both of which are now prepared from the NRRL-B512 
strain of L. mesenteroides (15). Dilute the stock solution 1:100 for the 
working standard. Ifa polarimeter is not available, extract from the clinical 
solution a small amount of dry dextran by precipitation with alcohol (or 
acetone) and freeze-drying (15). Weigh 500 mg. of this dextran in a 
stoppered weighing vessel, dissolve it in distilled water, and bring the solution 
to 100 ml. Keep this stock solution and prepare working standards by 
diluting the stock solution 1:100. 


Apparatus 

1. Dialysis bags and bath.—Dialysis bags can be made from standard 
dialysis tubing* which can be used for at least a month provided they are 
stored filled with and immersed in an antiseptic solution such as dilute zephiran 
chloride. Cut the tubing in 12 to 14 in, lengths and allow it to soak in 
zephiran overnight to remove the silica film which is sometimes present. 
To prepare the bag, close one end of a tube with a tight knot and bind the 
other end firmly with heavy thread to a ? in. length of heavy-walled rubber 
tubing. (I.D. = } in. O.D. = 3 in.). The straight end of a solid glass 
rod, bent at the other end to form a hook, serves as a bung during dialysis. 
At the completion of dialysis the bung is removed and replaced by a piece 
of glass tubing which has one end drawn out and bent slightly to facilitate 
the quantitative transfer of the contents of the bag to a volumetric flask. 
During dialysis the bags are suspended on a rack in the water bath and sup- 
ported at one end by the glass hook and at the other end by a piece of pipe- 
cleaner. Water is allowed to run slowly through the tank, which should 
have a capacity of at least 30 liters and be equipped to maintain a temperature 
of 40° + 2° C. Both water and suspended dialysis bags must be agitated 
frequently. This can be done by intermittently bubbling air through per- 
forated glass tubes placed along the bottom of the tank. 


2. Two baths, with tube racks ——One a water bath at 80° + 1.0 °C., the 
other an ice-water bath. 


2“Tntradex’’; Glaxo Laboratories Ltd., Greenford, England, and Toronto, Canada. 
’Seamless cellulose dialyzer tubing (2 in.). Fisher Scientific Company, Montreal, Quebec. 

oa Chloride’, 1:1000 aqueous solution. Winthrop-Stearns Ltd., Windsor, Ont., 
nada. 
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Procedure 


A control or dextran-free sample of plasma is analyzed with each run of 
dextran-containing samples. Plasma from the same person or animal, before 
in vitro or in vivo addition of dextran, is obviously preferable. 

Exactly 2 ml. plasma are pipetted into a 15 ml. centrifuge tube to which 
are added 10.0 ml. 5% trichloroacetic acid. The tube is capped with parafilm 
and the contents mixed by inversion. The mixture is allowed to stand for at 
least 10 minutes and then centrifuged for 20 minutes at 2,000 r.p.m. (r = 
13 cm.). All of the resulting supernatant is then poured into a clean test 
tube. 

With a volumetric pipette 10.0 ml. of the supernatant are introduced 
into a dialysis bag which has previously been examined for pinholes. The 
aliquot is dialyzed against water at 40° C. for 90 minutes, then transferred 
to a volumetric flask and brought to volume with repeated washings of the 
bag. The final dextran concentration should be between 2.0 and 7.0 mg./ 
100 ml. and this consideration determines the size of the volumetric flask 
selected. 

Paired 2.0 ml. aliquots from each diluted dialyzate and from the standard 
solution are pipetted into large heat resistant test tubes (20 mm. X 150 mm.) 
care being taken to deliver the solution to the bottom of the tube without 
wetting the sides. Exactly 2 ml. distilled water in an identical tube serves 
as a blank. 

Anthrone solution is added to each aliquot from a 4 ml. volumetric pipette 
that is filled to mark but which has 6-7 mm. of the delivery tip cut off. The 
reagent is thus added very quickly and it is added directly rather than down 
the sides of the tube. The contents of the tube are mixed immediately by 
swirling, the tube is covered with a glass marble and quickly placed in the 
80° C. bath for 6 minutes, after which it is transferred to the ice-water bath 
for rapid cooling. 

When tube and contents are cold, the optical densities are read in a spectro- 
photometer against the distilled water-anthrone blank at \ = 625 mu. 


Calculations 


OD, — OD. 
OD xX C, X 6f X k = mg. dextran per 100 ml. plasma; 





OD, and OD, = optical densities of extracts from unknown and control 
(blank) samples respectively; 

OD, = optical density of standard; 

C, = concentration of standard in mg. per 100 ml.; 

6f = dilution factor. Protein precipitation results in a sixfold dilution 
and f is the factor involved in bringing the dialyzed filtrate to volume. 

k = 1 for dextran standards. However, the acid hydrolysis of 162 g. 


dextran yields 180 g. glucose so the factor k is 0.9 if a glucose standard is 
used. 
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TABLE I 


RECOVERY OF DEXTRAN FROM SINGLE AND PAIRED 2 ML. SAMPLES OF DOG 
PLASMA BY THE DIALYSIS-ANTHRONE TECHNIQUE 








Analyses of single plasma samples 








Dextran Duplicate 
in Mean Standard samples, 
plasma, No. of recovery, deviation, S.D. 
mg./100 ml. analyses mg./100 ml. % % % 
50.0 17 50.0 100.0 2.54 1.66 
100.0 22 100.1 100.1 Lm 1.68 
i919 19 151.1 99.8 1.32 1.44 





Results and Discussion 


Results of analyses of 58 samples of plasma containing known amounts 
of dextran are given by Table I. These show that mean recoveries were 
between 99.8 and 100.1%. When single plasma samples were analyzed the 
standard deviations from the means varied with the dextran concentration 
from 1.72 to 2.54%. These deviations were reduced to 1.44 to 1.68% 
by the use of duplicate plasma samples. Inasmuch as the method of analysis 
consists essentially of protein removal and dialysis followed by determination 
of dextran by the anthrone reaction, an examination of the method for real 
and potential error involves a separate consideration of each of the three 
steps. 


‘Protein Removal’ 


Trichloroacetic acid is undoubtedly as useful as any protein precipitant (9) 
but its use involves a slight risk of dextran hydrolysis with loss of hydrolyzate 
during subsequent dialysis. Temperature and time are important in this 
connection. Complete recovery is obtained from acid filtrates that have been 
dialyzed after storage at 5° C. for four days. Recovery is also complete 
when the filtrates have been at 23° C. for up to 6 hours but we have observed 
a small but measurable loss of dextran when the filtrates stood at 23° C. 
for 18 hours before dialysis. 


‘Dialysis’ 

Table II shows that dialysis across the cellulose membrane,* under the 
conditions recommended, results in no appreciable losses from representative 
clinical dextrans (types B and C) or from the higher molecular weight 
material (type D) prepared for plasma volume work (13). There was, 
however, an appreciable loss when a very low molecular weight dextran 
(type A) was dialyzed. The possible loss of some dextran that has been 
degraded in vivo remains a theoretical rather than a practical problem. Jn 
vivo the kidney acts as a much coarser filter than does the cellulose membrane 
in vitro. Thus, during the first hour after the injection of a dextran of type 
C (Table II) the dog kidney passes about 9% of the dose administered (10) 
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TABLE II 


RETENTION OF VARIOUS DEXTRANS BY CELLULOSE BAGS AFTER 90 MIN. 
DIALYSIS AGAINST WATER AT 40° C, 








% retentiont 


Type M,* X 107% No. tests Mean S.D. 
A 5 6 63.3 1.57 
B 65 12 100.0 1.34 
i 105 11 99.1 0.67 
D 15 


0 12 100.8 1.44 








*“Viscosity average’ molecule weights were calculated from the inherent viscosity (2) 
according to the equation 7 = 10-%M,4 (16, 15). 

tBefore dialysis 10 ml. of an aqueous solution containing 2.50 mg. dextran was pipetted 
into each bag. 
whereas during the same period of time the cellulose membrane retains all 
the dextran originally introduced (Table II). There is no evidence that the 
kidney is acting as anything but a filter in this connection because the dextran 
in urine produced during the first 5 hours after dextran infusion has been 
shown to be a low molecular weight fraction of the infused material (11, 12). 

Table III shows that 40° C. is about the optimal temperature for glucose 
removal and that 90 minutes of dialysis at this temperature essentially ensures 
the removal of between 95.5 and 99.5% of the glucose originally present. 
These are the conditions recommended, and the results of analyses of plasma 
samples containing known small amounts of dextran (Table I) indicate that 
this possible variation in residual glucose can usually be accepted. If, 
however, dextran concentrations in plasma are exceptionally low, or the 
endogenous glucose is liable to wide and rapid fluctuations (plasma samples 
from a diabetic) or if a very high degree of analytical precision is required, 
possible variations in residual glucose may need to be further reduced. In 
these cases longer periods of dialysis are indicated. 


TABLE III 


EFFECTS OF TEMPERATURE AND DURATION OF DIALYSIS 
ON GLUCOSE RETENTION BY CELLULOSE DIALYSIS BAGS 











Duration % retention* 
Temp., of dialysis, §——___—__ - 

No. tests ig, min. Mean S.D. 
6 30 60 8.2 1.9 

6 40 40 ie 1.3 

16 40 60 4.9 1.7 

2 40 90 2.6 1.1 

6 40 120 1.4 1.1 

6 50 60 5.6 1.8 





*Before dialysis 10.0 ml. of an aqueous solution containing 2.50 mg. dextran (Type D, 
Table II) and 2.00 mg. glucose were pipetted into each bag. 
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TABLE IV 


RESULTS OF ANALYSES OF A SERIES OF AQUEOUS SOLUTIONS OF 
DEXTRAN BY THE ANTHRONE TECHNIQUE DESCRIBED IN THE TEXT 








Estimated concentration 





Mean recovery 


Standard deviation 
Known conc. anaes a 











mg./100 ml. No. tests mg./100 ml. % mg./100 ml. % 
1.80 12 1.784 99.2 0.017 0.96 
2.50 16 2.508 100.3 0.024 0.95 
6.00 15 6.006 100.1 0.036 0.61 
7.50 15 7.470 99 .6 0.055 0.73 
10.00 13 9.643 96.4 0.100 1.00 





‘Anthrone Reaction’ 


The reliability of any measurement depends upon an observed precision 
of estimate. Table IV shows the precision to be expected of the anthrone 
method, under the conditions outlined, at various concentrations of dextran 
in water. All solutions were analyzed against a 5 mg./100 ml. dextran in 
water standard and results were calculated on the basis of Beer’s Law. 
Standard deviations indicate that variations from the mean at each level of 
concentration are within satisfactory limits and that mean recovery is excellent 
from 1.8 to 6.0 mg./100 ml. Although recovery is 99.6% at 7.5 mg./100 
ml. it falls to the significantly low level of 96.3% at 10.0 mg./100 ml. Because 
there would thus appear to be some deviation from Beer’s Law at these higher 
concentrations, we recommend that the dilution of the dialyzed filtrates be 
adjusted so that the final dextran concentration of the assay sample is between 
2.0 and 7.0 mg./100 ml. 

All anthrone determinations are done in duplicate and the agreement 
between these duplicates is always a good indication of reliability. In our 
experience the step should be repeated if duplicates fail to agree within 2% 
of the mean of the pair. Such repetition should not be necessary more than 
about once in 43 analyses. Thus, of 347 anthrone duplicates involved in 
the tests that make up this report, 159 (46%) agreed to within 0.5% of the 
mean, while eight did not agree within the 2%. The average deviation 
from the mean of the anthrone pairs was 0.71%. 

The color developed when anthrone in sulphuric acid reacts with carbo- 
hydrate in an aqueous solution varies greatly with the temperature of the 
reaction (3, 8), and rapid and consistent heating is essential for dependable 
colorimetric determinations. Rapid mixing and thus rapid initial heat 
production is achieved by using a truncated pipette to introduce the anthrone— 
acid into the dextran solution quickly. Inasmuch as the anthrone is always 
in excess, the small volumetric error involved in this practice is relatively 
unimportant. If anthrone is introduced volumetrically (but of necessity 
more slowly), heat development is relatively slow and uneven and results 
are very much less consistent. On the other hand, solution temperature 
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Fic. 1. Development and degradation of color under various conditions after 
addition, at zero time, of 4 ml. anthrone — sulphuric acid to 2 ml. 5.0 mg./100 ml. dextran 
in water. A, reaction tubes left in air at 23° C.; B and C, reaction tubes placed immedi- 
ately in water at 80° C. and 100° C. respectively. Changes in solution temperatures are 
shown at lower left. 


(inset, Fig. 1) not only affects color development, but also determines the 
rate of color degradation. Fig. 1 shows that if, after mixing, the reaction 
tube stands in air at 23° C. or is transferred to a 100° C. water bath, the 
solution temperature remains high for relatively lengthy periods of time and 
that this high temperature is accompanied by a rapid decrease in optical 
density (A and C curves, Fig. 1). However, if the tube is transferred to an 
80° C. bath, the solution temperature decreases more rapidly, and the maxi- 
mum optical density developed is maintained for 6 or 7 minutes and decreases 
thereafter at about 20%/hr. (B curves, Fig. 1). The maximum optical density 
developed in the 80° C. bath must be preserved for measurement if maximum 
precision of estimate is to be achieved. To this end the solution temperature 
must be reduced quickly to a point where color degradation is negligible. 
This is accomplished by transferring the tube quickly to an ice-water bath. 
At 0-5° C. there is no appreciable loss of color, at least over a period of 3 
hours. 
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THE EFFECT OF CASTRATION ON THE INCORPORATION OF 
ACETATE-1-C“ INTO CHOLESTEROL IN THE ALBINO RAT! 


LoutIs-PAauL DUGAL AND Guy SAUCIER? 


Abstract 


In male castrated albino rats the incorporation of C™ from acetate-1-C™ into 
the cholesterol of the liver, the adrenals, and the heart is significantly increased 
as compared to the incorporation found in the same tissues of control animals. 
The metabolic CO, originating from the injected acetate is not affected by 
castration, nor is the total activity of the urine. There is, incidentally, a 
significant increase in adrenal weight following castration. 


Introduction 


The metabolism of cholesterol has regained much interest since the more 
general use of isotopic techniques (3). Successful studies of cholesterol 
metabolism may give important leads in such problems as atherosclerosis and 
hormonal steroidogenesis. 

Many studies are at present in progress on cholesterol synthesis (1, 8, 11) and 
on the effect of lipid feeding and hormonal control of plasma cholesterol in 
rats, chickens, and rabbits (6, 9). The purpose of the present work was to 
find out the possible influence of castration on the incorporation of C' from 
acetate-1-C™ into the cholesterol of different tissues of castrated albino rats 
as compared to normal ones. Landon and Greenberg (7) have reported a 
decrease in the turnover of cholesterol in castrated rats. In the same paper, 
they state that: ‘‘Liver slices of castrated male rats converted C'-acetate to 
cholesterol at least as efficiently as the controls’, but they give no supporting 
data. 


Methods 


Twenty-six male albino rats of an average weight of 175 g. were bilaterally 
gonadectomized by abdominal approach under light ether anesthesia. They 
were fed Purina fox chow and water, without added cholesterol. Between 12 
to 54 days after castration, they were injected intraperitoneally with 2 ml. 
sodium acetate-1-C"™ solution equivalent to 1.7 X10’ c.p.m., then immediately 
placed in a metabolism cage (5) to collect excreted urine and trap expired 
CO, by means of towers filled with 2 N sodium hydroxide. 

Four hours after the injection, they were sacrificed by guillotine, and the 
liver, the adrenals, the heart, and the aorta were removed at once; from these 
tissues, cholesterol was extracted (14) and plated as digitonide on filter paper, 
weighed, and placed in the counter. The metabolic C“O:, trapped in sodium 
hydroxide, was precipitated, after proper dilution, with 1 M barium chloride 

1Manuscript received February 7, 1957. 
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TABLE I 


EFFECT OF CASTRATION ON C! INCORPORATION IN LIVER CHOLESTEROL 

















Liver weight Cholesterol 
c.p.m./mg. 
Abs. (g.) % body wt. Total (mg.) % Totalc.p.m. cholesterol 
Controls (13) 10.2+0.33* 3.29+0.11 15.3+0.53 0.15+0.0067 28167+4013 1885 +271 
Castrated (13) 8.9+0.24 3.42+0.13 14.7+0.78 0.16+0.010 37065+1909 27634246 
P <0.01 <0.50 <0.50 <0.50 <0.10 <0.05 





*Standard error. 

In parentheses, number of animals. 
and counted as BaC™QO; (4). The urine samples, after combustion (10, 15), 
were analyzed for their total activity. All radioactivity measurements were 


made in a Q-gas counter with window, and corrected for background and 
self-absorption. 


Results and Discussion 


Table I shows that the specific activity of the liver cholesterol is significantly 
greater in the castrated group than in the control, i.e., there were more newly 
synthesized cholesterol molecules after 4 hours than in the control group. 
There is also a difference in the total number of counts per minute, which is 
not significant owing to too great individual variations. The difference in 
absolute weights of liver, between the two groups, is due to the retarded 
growth induced by castration; such a difference is abolished when the relative 
weights (to body weight) are compared. 

The adrenals of the castrated group, as can be seen in Table II, are larger 
than those of the control group, and the difference is statistically significant, 
whether the comparison is absolute or relative. The same table also shows 
that castration increases the cholesterol content (not significantly) (13), the 
total counts, and the specific activity of the adrenals; the increase in total 
counts is highly significant, whereas the increase in specific activity is not, 
owing to the large individual variations in both groups. 


TABLE II 


EFFECT OF CASTRATION ON C INCORPORATION IN ADRENAL CHOLESTEROL 














Adrenal weight Cholesterol 
% body wt. c.p.m./mg. 
Abs. (g.) x<108 Total (mg.) % Totalc.p.m. cholesterol 
Controls (13) 33.5+1.42* 10.9+0.44 0.41+0.068 1.32+0.20 175+46 464+ 107 
Castrated (13) 39.6+1.77 15.0+0.59 0.67+0.11 1.81+0.31 380+ 52 691+ 130 
| <0.02 <0.001 <0.10 <0.20 <0.01 <0.20 





*Standard error. . 
In parentheses, number of animals. 
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TABLE III 


EFFECT OF CASTRATION ON C!* INCORPORATION IN HEART CHOLESTEROL 








Heart weight Cholesterol 











c.p.m./mg. 

Abs. (g.) % body wt. Total (mg.) % Totale.p.m. cholesterol 

Controls (13) 1.04+0.025* 0.337+0.092 1.13+0.07 0.108+0.0065 357+71 308 + 54 
Castrated (13) 1.10+0.059 0.367+0.148 1.10+0.08 0.1144+0.0086 494454 466 + 54 
P <0.50 <0.90 <0.80 <0.70 <0.20 <0.05 





*Standard error. 

In parentheses, number of animals. 

There were no significant differences in heart weight or heart cholesterol 
between the two groups (Table III). Here again, a constant higher counting 
rate was observed in the castrated animals, and the specific activity was 
significantly higher in the same group. 

Table IV shows the results obtained in comparing the activity of expired 
CO, and total activity of excreted urine in both groups; the similarity of 
the figures obtained points to the metabolic similarity of both groups. 


TABLE IV 


EFFECT OF CASTRATION ON THE RESPIRATORY CQ, 
AND THE URINE C CONTENT 








Urine total activity 





CO, (c.p.m. X 107) (c.p.m. X 10°) 
Controls (13)* 1.20 3.69 
Castrated (13) 1.26 3.73 





*In parentheses, number of animals. 


Assuming that a lapse of 4 hours is a significant point in the time curve of 
endogenous cholesterol synthesis from acetate (2) and that mainly cholesterol 
is precipitated by digitonin, without contamination from “high counting 
companions”’ (12), the differences presented above, which are probably due 
to orchidectomy, may be of interest. However, since they were obtained at 
one time interval only, they cannot be interpreted in terms of rate of synthesis 
nor of turnover rate. 
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THE RELEASE OF CATECHOLAMINES FROM THE 
ISOLATED CHROMAFFINE GRANULES OF THE ADRENAL 
MEDULLA USING SULPHYDRYL INHIBITORS! 


ANTOINE D’IorIo 


Abstract 


The influence of five sulphydryl inhibitors has been tested on isolated 
chromaffine granules of bovine adrenal medulla. The two mercury derivatives 
p-chloromercuribenzoic acid and p-choloromercuriphenylsulphonic acid exert a 
marked releasing activity on the catecholamines, ATP, and proteins of these 
granules. Three other compounds, iodosobenzoic acid, N-ethyl maleimide, and 
bis(2-succinylaminophenyl) disulphide, exert a similar action but to a lesser 

egree. 

Addition of glutathione to the incubation medium prevents the action of 
p-chloromercuribenzoic acid but does not reverse it. 


Introduction 


In recent years much knowledge has accumulated on the storage of 
catecholamines in the adrenal medulla. It has been shown (1, 6) that 
adrenaline and noradrenaline of this gland are entirely contained in granules 
which can be separated by fractional centrifugation. 

More recently, following Hillarp’s (8) observation of high concentration of 
ATP in the adrenal medulla, it has been suggested that ATP acts as a binder 
of catecholamines in the cytoplasmic granules (3). 

Physiological substances, such as histamine and acetylcholine, which 
release catecholamines in vivo, have been found ineffective (2) in releasing 
the catecholamines of the isolated granules. Hillarp and Nilson (7) have 
succeeded in releasing catecholamines by lysing these granules with detergents 
or with digitonine. A more specific effect has been obtained by Hégberg and 
Hillarp (9). These authors have found a parallel release of catecholamines 
and acid-soluble phosphorus when the granules are incubated with the 
histamine releaser 48/80. 

In the present experiment we have studied the effect of several sulphydryl 
inhibitors on the release of catecholamines and ATP from the medullary 
cytoplasmic granules. The effect of these substances has been studied on 
the two populations of particles described by Blaschko et al. (2) as ‘Top’ and 
‘Bottom’ granules. 


Materials and Methods 


Ox adrenal glands were obtained from freshly killed animals at the slaughter- 
house and kept at 0° C. A 1 hour period generally elapsed between the death 
of the animal and the moment the glands were homogenized in the laboratory. 

1Manuscript received January 28, 1957. 
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Suitable amounts of adrenal medulla (approximately 20 g.) were finely 
chopped with a knife, homogenized, and ‘Top’ and ‘Bottom’ granules prepared 
by differential centrifugation as previously described (2). 

All incubations were carried out at 37° C. in 0.3 M sucrose. The buffer, 
0.1 M tris(hydroxymethyl)aminomethane, pH 7.4, was prepared in isotonic 
sucrose. These solutions contributed to the incubation medium as follows: 
0.3 ml. of granule suspended in 0.3 M sucrose (approximately 0.5 mg. protein 
N), 0.6 ml. of Tris buffer, appropriate quantities of neutralized inhibitor, and 
isotonic sucrose to a total volume of 2 ml. 

At the end of the incubation period the tubes were chilled and centrifuged 
at 25000 Xg for 10 minutes at 0° C. The supernatant was treated with 1 ml. 
of cold 10% trichloroacetic acid; the sediment was first resuspended in 2 ml. 
of 0.3 M sucrose and then denatured by addition of 1 ml. 10% trichloroacetic 
acid. The protein nitrogen was estimated on the trichloroacetic precipitates 
using the modified Nessler’s method (14). 

Catecholamines, inorganic phosphate, and ATP were determined in the 
acid extract of the supernatant and sediment moiety. For the estimation of 
catecholamines, the iodine colorimetric method of Euler and Hamberg (4) 
was used at pH 6. At this pH both adrenaline and noradrenaline can be 
estimated. The determination of inorganic phosphate was carried out on 
aliquots of the acid extracts of the supernatant and sediment moieties, using 
the method of Fiske and Subbarow (5). ATP was measured by the firefly 
luminescence method (13). The procedure, as adapted with the Farrand 
Fluorometer, was sensitive to 1.0ug. ATP. 


Experimental 


1. Effect of p-Chloromercuribenzoic Acid (CMBA) on the Release of Inorganic 
Phosphate and ATP 


Intact ‘Top’ and ‘Bottom’ granules were incubated at 37°C. in the 
previously described medium. The mercury compound CMBA in neutralized 
isotonic solution was added to the incubation mixture in a final concentration 
of 10-* M. It was noted that large quantities of inorganic phosphate were 
released into the supernatant and that this release was accompanied by a 
parallel disappearance of ATP from the granules. The results of this 
experiment are plotted in Fig. 1. 

The reported values indicate that the addition of CMBA brings about a 
release of 2 moles of inorganic phosphate for every mole of ATP which 
disappears. In three similar experiments, identical results were obtained; 
for every mole of ATP which disappears from the sediment 2 moles of inorganic 
phosphate appear in the supernatant. 


2. Effect of Various SH Inhibitors on the Release of Catecholamine, ATP, and 
Proteins 


The medullary granules were incubated for varying periods of time in the 
presence of the following sulphydryl inhibitors: p-chloromercuribenzoic acid, 
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Fic. 1. Appearance of inorganic phosphate in the supernatant and disappearance of 

ATP from sediment ‘Top’ and ‘Bottom’ granules following incubation at 37° C. 
--------- - Granules in a medium containing 10-* M CMBA. 
—_——-—-_—-_—-——- Control granules in an isotonic medium. 


p-chloromercuriphenylsulphonic acid (CMPSA), N-ethyl maleimide (NEM), 
bis(2-succinylaminophenyl) disulphide (SAPD), and iodosobenzoic acid 
(IBA). In all cases the final concentration of inhibitor was 10-* M. 

The values reported in Fig. 2A represent the % release of ATP following 
incubation, as estimated by the disappearance of ATP from the resedimented 
granules. In most of the experiments inorganic phosphate was also measured 
in the supernatant. As for the experiments reported in Fig. 1 the disappear- 
ance of 1 mole of ATP from the granules was accompanied by the release in 
the supernatant of 2 moles of inorganic orthophosphate. 

It can be seen that the mercury derivatives CMBA and CMPSA are the 
most effective releasers, since in both ‘Top’ and ‘Bottom’ fractions, they 
release most of the granular ATP within 10 to 30 minutes. The specific 
sulphydryl oxidizing agent iodosobenzoic acid also exerts an ATP releasing 
action. The onset of this reaction is, however, much slower. 

Two other substances which are known to react with SH compounds, 
N-ethyl maleimide and bis(2-succinylaminophenyl) disulphide, also release 
ATP from the granules. However, in this case the release is not as marked 
as with the previous substances. When the granules are incubated in an 
isotonic medium containing only Tris buffer and isotonic sucrose, 30% of the 
original ATP is released from the granules after 90 minutes’ incubation at 
37°C. In Fig. 2B the values reported are for the release of catecholamines. 
It can be seen that for both fractions the release curves of catecholamines are 
similar to the release curves of ATP. 

The values reported in Fig. 2C are for protein nitrogen release. Only 
the mercury derivatives exert a marked releasing activity; iodosobenzoic 
acid, N-ethyl maleimide, and bis(2-succinylaminophenyl) disulphide release 
negligible amounts of protein nitrogen. 

At least five experiments were carried out with each inhibitor and the 
values reported in Fig. 2 are for one representative experiment. In the case 
of CMBA 10 incubations were effected; in all cases the percentage release 
was within a 5% variation. 
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Fic. 2, Incubation of ‘Top’ and ‘Bottom’ granules with various inhibitors (10-* M). 


(A) Percentage release of ATP as measured by the disappearance of ATP from the 
sedimented granules. 

(B) Catecholamines released in the supernatant expressed as % of total found in the 
granules at zero time. 


(C) Protein nitrogen released in the supernatant expressed as % of the total found in 
the granules at zero time. 


3. Influence of Glutathione on the Releasing Activity of CMBA 

The effect of glutathione has been tested on the releasing activity of CMBA. 
This experiment was only carried out on a fraction of ‘Bottom’ granules. 
No release was observed when CMBA (10-* M) and a twofold concentration 
of glutathione were added to the granules in the incubation medium. However 
when CMBA was added to the medium and incubated with the granules for 
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Fic. 3. Influence of glutathione in the release produced by CMBA on ‘Bottom’ 
granules. 


(A) Percentage release with 10 M CMBA. 

(B) Percentage release with 10-* M CMBA when glutathione is added, at a final 
concentration of 2 X 10~* M, after 10 minutes’ incubation. 

(C) Percentage release when glutathione 2 X 10-* M and CMBA 10-* M are added 
together at zero time. 










































































10 minutes, the release produced could not be reversed by addition of equal 
or twofold concentrations of glutathione. The values reported in Fig. 3 also 
indicate that addition of glutathione to granules previously incubated for 10 
minutes with CMBA prevented further release of proteins, catecholamines, 
and ATP. 

When the granules are incubated with various concentrations of glutathione 
(0.25, 0.5, and 1 X 10-* M) the release of ATP, catecholamines, and proteins 
was the same as occurred when the granules were incubated in the presence 
of buffered isotonic sucrose alone (without any other addition). 


Discussion 


In the present experiment it is shown that low concentrations of CMBA 
release a large proportion of the granular proteins, catecholamines, and ATP. 
This would indicate some action on the permeability or the integrity of the 
granule or its membrane. It has been further demonstrated that the 
disappearance of 1 mole of ATP is accompanied by the release in the 
supernatant fluid of 2 moles of inorganic phosphate, thus indicating that ATP 
is broken down during or after its release from the granule. 

Other sulphydryl inhibitors such as CMPSA, iodosobenzoic acid, N-ethyl 
maleimide, and bis(2-succinylaminophenyl) disulphide are also capable to a 
lesser extent of liberating the granular ATP and catecholamines. However, 
the mercury derivatives are the only compounds among those tested which 
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are capable of releasing large amounts of proteins; the other substances have 
little or no effect on this release. The difference in the protein release might 
indicate different modes of action for the various sulphydryl inhibitors. The 
mercury salts m‘ght react more easily with the sulphydryl groups of the 
membrane bringing about a disruption of the membrane. 

The fact that glutathione prevents the action of CMBA, but does not 
reverse it, also favors the hypothesis that CMBA inflicts some permanent 
damage to the membrane. It is also possible that ATP is essential for the 
reabsorption of proteins and catecholamines. However, the results reported 
in Fig. 1 indicate that ATP is hydrolyzed immediately following its release 
from the granules so that it is no longer available for the absorption mechanism. 

Sjéstrand (12) has recently reported the existence of mitochondria and of 
chromaffine granules of various sizes in the adrenal medulla. However, in 
the present series of experiments, the two types of isolated particles behave 
similarly towards sulphydryl inhibitors. There is no evidence that the ‘Top’ 
and ‘Bottom’ granules are either different or homogeneous fractions. 

In conclusion, the evidence indicates that sulphydryl groups are an 
important structural element of the chromaffine granules. Recent work 
conducted on the lysis of platelets (10) and of erythrocytes (11) by CMBA 
suggests that sulphydry] sensitivity might be a general property of membranes. 
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THE EFFECT OF ADRENALINE, HISTAMINE, AND PITRESSIN 
ON THE PHOSPHORUS METABOLISM OF THE ADRENAL 
GLAND! 


Doris NICHOLLS AND CAROLYN GRAHAM 


Abstract 


The relative specific activity of the inorganic phosphorus of the adrenal 
gland of rats 2 hours after an intraperitoneal injection of inorganic P® was 
increased by the administration of adrenaline, histamine, or commercial pitressin. 
These substances are all known to cause a depletion of the adrenal ascorbic acid. 
The effect on the adrenal phosphorus metabolism, like the effect on the adrenal 
ascorbic acid, was absent or greatly reduced in hypophysectomized rats and in 
rats previously treated with cortisone. 

In hypophysectomized rats the administration of exogenous ACTH caused 
an increase in the relative specific activity of the adrenal inorganic P and, again 
like the adrenal ascorbic acid depletion, this increase was not abolished by 
previous treatment with cortisone. 

These results, together with other observations on adrenal phosphorus 
metabolism previously reported for rats exposed to a cold environment, strongly 
suggest that the incorporation of inorganic P® into the adrenal gland is con- 
trolled by the same factors that control the depletion of adrenal ascorbic acid. 
It is, therefore, concluded that the incorporation of inorganic P® into the adrenal 
gland is a valid index of the activity of the adrenal cortex. 


Introduction 


The adrenal ascorbic acid depletion test of Sayers (25) is the most widely 
used method for the assay of ACTH in hypophysectomized rats. The test 
also provides a useful index of the release of endogenous ACTH in normal 
rats (24). Work in this laboratory and elsewhere has indicated that the 
metabolism of phosphorus in the adrenal gland might also be a useful method 
for assessing the activity of the adrenal cortex (3, 14, 15, 17, 18). 

Sayers and Sayers (24) reported that the exposure of rats to a cold environ- 
ment, or the injection of adrenaline or histamine, caused a depletion of adrenal 
ascorbic acid in normal rats, but not in hypophysectomized animals. Also, 
the prior administration of adrenal cortical hormones to normal animals 
prevented this depletion. The administration of ACTH depleted adrenal 
ascorbic acid, even after adrenal cortical hormone treatment. From these 
observations it was concluded that cold exposure, or the administration of 
adrenaline or histamine, stimulated the pituitary gland to release ACTH 
and that this release was inhibited by relatively high concentrations of 
adrenal corticoids in the blood. 

There is also some evidence that the posterior lobe of the pituitary gland 
plays a role in the release of ACTH by the anterior pituitary (6, 11). The 
adrenal response to the administration of adrenaline or histamine (7) and the 
increased production of ACTH caused by stressful situations generally (8) 

1Manuscript received February 15, 1957. 
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were abolished in rats with suitably placed hypothalamic lesions. McCann 
and Brobeck (7) reported that the administration of commercial pitressin 
stimulated the release of ACTH by the pituitary even in rats with hypothala- 
mic lesions, although there was no effect in hypophysectomized rats. Saffran 
and Schally (21) showed that posterior pituitary tissue aided the in vitro release 
of ACTH by rat anterior pituitary tissue and Guillemin and Hearn (4) reported 
similar findings for commercial pitressin. Apparently purified arginine— 
vasopressin has no effect (4, 22). However, purified or synthetic vasopressins 
are active in other situations (9, 10, 23). 

Factors influencing the phosphorus metabolism of the adrenal gland are 
very similar to those that cause ascorbic acid depletion. Thus either the 
administration of ACTH to hypophysectomized rats or the exposure of 
normal rats to a cold environment causes an increase in the rate at which 
inorganic phosphate labelled with radioactive phosphorus (P*) enters the 
cellular portion of the gland (3, 14, 15, 17, 18) and is incorporated into 
adrenal phospholipids and ribonucleotides (5, 13, 19). These changes in 
the phosphorus metabolism of the adrenal gland have been interpreted 
as representing changes in the activity of the adrenal cortex. Since the 
administration of adrenaline, histamine, or pitressin stimulates the pituitary— 
adrenal system (as evidenced by the adrenal ascorbic acid depletion test), 
it was of interest to examine the effects of these substances on the adrenal 
phosphorus metabolism in normal animals, hypophysectomized animals, 
and normal animals previously treated with cortisone. The effect of prior 
administration of cortisone on the adrenal response to exogenous ACTH in 
hypophysectomized animals was also studied. 


Methods 


Animals 


The animals were young male rats of the Sprague-Dawley strain. They 
were allowed free access to food (Master Fox Cubes, Toronto Elevators, 
Ltd.) and water up to the time of killing. 

Similar rats that had been hypophysectomized were obtained from the 
Hormone Assay Laboratories, Chicago, and were fed bread and oranges. 
These rats were used on the third day following operation. 


General 


Two hours after the intraperitoneal injection of 200 uc. P*®, as inorganic 
phosphate, observations were made on the specific activities of the inorganic 
P of the plasma and adrenal gland. The specific activity (cts./min./ug. P) 
of the adrenal inorganic P was then expressed as a percentage of that of the 
inorganic P of the plasma (relative specific activity). Details of the analyt- 
ical procedure have been described elsewhere (14). 


Adrenaline, Histamine, and Pitressin 


The rats received 0.025 mg. L-adrenaline (Parke-Davis) per 100 g., 0.5 
mg. histamine phosphate (Parke-Davis) per 100 g., or 0.2 I.U. pitressin 
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(Parke-Davis) per 100 g. by intraperitoneal injection immediately following 
the injection of inorganic P®, i.e. 2 hours before killing. The quantity 
injected, diluted with isotonic saline, did not exceed 0.50 ml. per 100 g. 
Control rats received a similar volume of saline. 


Cortisone 


The cortisone-treated rats received 5.0 mg. cortisone acetate (Merck) 
per 100 g. weight by subcutaneous injection 22 hours before killing. 


ACTH 


In another series of experiments hypophysectomized rats received 4.0 
I.U. ACTH (Connaught Medical Research Laboratories, Toronto) per 100 g. 
weight by intraperitoneal injection 2 hours before the P*® injection, i.e. 
4 hours before killing. 


Results 


Table I shows the effect of the administration of adrenaline, histamine, or 
pitressin on the incorporation of inorganic P® into the inorganic P of the 
adrenal gland of normal rats, normal rats previously treated with cortisone, 
and hypophysectomized rats. In the normal rats, the injection of each of 
these substances caused a highly significant increase in the relative specific 
activity of the adrenal inorganic P, compared to that of the control rats 
receiving saline. However, when the normal rats were treated with cortisone, 
the injection of adrenaline, histamine, or pitressin caused no significant 
change. 


TABLE I 


THE EFFECT OF ADRENALINE, HISTAMINE, AND PITRESSIN ON THE RELATIVE SPECIFIC 
ACTIVITY OF THE INORGANIC P OF THE ADRENAL GLAND 


(Mean relative specific activity + S.E.; figures in parentheses give number of animals; P! 
for adrenaline, histamine, or pitressin compared with saline; P? for cortisone compared with 
normal; P’ for hypophysectomy compared with normal) 











Normal + Hypophysec- 
Normal cortisone P? tomized P3 
Saline 55.9 + 2.7 49.4 4+ 2.9 0.10.2 39.84+2.0 <0.01 
(40) (17) (3 
Adrenaline 83.4 + 6.4 53.1 + 3.5 <0.01 45.6 + 2.9 <0.01 
(33) (13) (23) 
Pi <0.01 >0.4 >0.1-0.2 
Histamine 84.0 + 5.6 44.7 +2.3 <0.01 43.6 +1.2 <0.01 
(16) (16) 2 
Pi <0.01 >0.2 >0.1-0.2 
Pitressin 93.1¢£3.2 S33 £5.35 <Oe 48.7 + 3.1 <0.01 
(21) (18) 2 


Pt <0.001 >0.2 <0.02 
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TABLE II 


THE EFFECT OF ACTH AND/OR CORTISONE ON THE RELATIVE SPECIFIC 
ACTIVITY OF THE INORGANIC P OF THE ADRENAL OF HYPOPHYSECTOMIZED RATS 


(Mean relative specific activity + S.E.; figures in parentheses give number of animals; 
P' for ACTH compared with saline; P? for cortisone-treated rats compared with hypophy- 
sectomized controls) 











Hypophysectomized 
Hypophysectomized + cortisone P 
Saline D8 + 2:0 38.8 + 2.2 >0.7 
(32) (9) 
ACTH 63.8 + 7.9 54.9 + 4.6 >0.3 
(8) (10) 
P! <0.01 <0.01 





In the hypophysectomized rats, the injection of adrenaline or histamine 
caused no significant change, although the mean relative specific activities 
were increased slightly. With pitressin this increase was significant statis- 
tically, although it was considerably smaller than that observed in normal 
rats (22% compared with 61%). 

Cortisone treatment caused a decrease in the relative specific activity of 
the adrenal inorganic P. This decrease was significant in rats injected with 
adrenaline, histamine, or pitressin, although the conventional level of signifi- 
cance was not reached in the control rats receiving saline (P = 0.1-0.2). 
Previously, a significant decrease due to cortisone was noted in rats main- 
tained at 22° C. and in rats exposed to —5° C. (16). 

Hypophysectomy similarly caused a decrease in the relative specific 
activity of the adrenal inorganic P. This decrease was significant in control 
rats receiving saline and also in rats injected with adrenaline, histamine, or 
pitressin. Such a decrease in the phosphorus metabolism of the adrenal of 
hypophy’sectomized rats has been noted frequently (3, 15, 18). 

Table II shows the effect of the administration of ACTH on the relative 
specific activity of the inorganic P of the adrenal of hypophysectomized rats 
either with or without prior treatment with cortisone. In the hypophysec- 
tomized rats that did not receive cortisone, ACTH caused an increase in 
the relative specific activity of the adrenal inorganic P similar to that noted 
previously (12, 18). However, ACTH was found also to cause a significant 
increase in the adrenal P*® incorporation in hypophysectomized rats that 
had been treated with cortisone. Thus cortisone treatment prior to the 


administration of ACTH did not change the adrenal response to exogenous 
ACTH. 


Discussion 


The injection of adrenaline, histamine, or pitressin, substances known to 
cause a depletion of adrenal ascorbic acid, caused a significant increase in 
the relative specific activity of the inorganic P of the adrenal gland 2 hours 
after the intraperitoneal injection of inorganic P®. The increase was of the 
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same order as that previously observed in the adrenal of rats exposed to a 
cold environment for 2 or 3 hours (12, 14, 15, 16). Reiss and his colleagues 
previously reported an increased incorporation of inorganic P® into the 
adrenal of rats exposed briefly to cold (17) or injected with adrenaline (1). 
It has been postulated for some time, chiefly from evidence derived directly 
or indirectly from the ascorbic acid depletion test, that these conditions 
stimulate the pituitary—adrenal system. Direct measurement of increased 
corticoid production has, however, only recently been demonstrated under 
these conditions (2). 

Previously, it was shown that when hypophysectomized rats were exposed 
to a cold environment there was no increase in adrenal phosphorus metabolism 
(15, 17). The changes in the adrenal metabolism of normal animals were 
thus thought to be the result of the release of endogenous ACTH during the 
cold exposure. It has now been shown that hypophysectomy similarly 
blocks the increased adrenal phosphorus metabolism caused by the injection 
of adrenaline or histamine and greatly reduces that due to pitressin. This 
suggests that the adrenal changes are brought about by ACTH, the release 
of which is in some manner stimulated by the adrenaline, histamine, or 
pitressin. As pointed out above, such conclusions were made by others (7, 
24) as a result of similar experiments in which the depletion of adrenal ascorbic 
acid was used as a measure of the stimulation of the pituitary—adrenal system. 

Badrick et al. (1) reported an increase in the incorporation of inorganic P® 
into the adrenal gland of hypophysectomized rats receiving adrenaline. This 
result may be due to the fact that these workers measured the total activity 
of the adrenal gland rather than the relative specific activity of the adrenal 
inorganic P. The total activity would be much more sensitive to local circu- 
latory changes and to changes in the specific activity of the inorganic P 
of the plasma. Variations in the specific activity of the plasma inorganic P 
known to occur as a result of hypophysectomy (15, 18) should be considered 
when measurements of the rate of inorganic P® incorporation in the adrenal 
are desired (20). 

There was a small, but statistically significant, increase in the relative 
specific activity of the adrenal inorganic P of the hypophysectomized rats 
receiving pitressin but not in animals receiving adrenaline or histamine. 
This might be explained in several ways: (a) Pitressin may have a direct, 
but small, effect on adrenal P® incorporation in the absence of the pituitary, 
as well as a large effect mediated via the release of pituitary ACTH. These 
different effects could be due to different substances present in the commercial 
pitressin preparation used. (b) The pitressin preparation may have contained 
small amounts of ACTH. (c) The pitressin may have stimulated the release 
of ACTH from small amounts of residual pituitary tissue that remained 
after the hypophysectomy, but which were separated from normal hypotha- 
lamic control by the operative procedure. As mentioned previously, McCann 
and Brobeck (7) showed that suitably placed hypothalamic lesions abolished 
the adrenal response to adrenaline and histamine, but not to pitressin. 
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The administration of cortisone prior to the injection of adrenaline, hista- 
mine, or pitressin prevented these substances from increasing the incorporation 
of inorganic P® into the adrenal (Table I). Previously, it was found that 
cortisone hindered the increased incorporation of inorganic P® that occurs 
in the adrenal of rats exposed briefly to a cold environment (16). On the 
other hand, cortisone did not change the increase in adrenal phosphorus 
metabolism caused by the administration of exogenous ACTH to hypophy- 
sectomized rats (Table II). Sayers and Sayers (24) reported that the 
administration of adrenal corticoids blocked the adrenal ascorbic acid deple- 
tion brought about by cold exposure or the injection of adrenaline or hista- 
mine, but that corticoids did not block the depletion resulting from ACTH 
administration. r 

The present results, together with the observations reported previously 
for hypophysectomized rats receiving ACTH and for normal rats exposed 
to a cold environment, strongly suggest that the incorporation of inorganic 
P® into the adrenal gland may be used as an index of the stimulation of the 
adrenal cortex by ACTH. The evidence for this assumption admittedly 
is indirect, but the evidence is of the same type as that favoring the view 
that the depletion of adrenal ascorbic acid is a measure of adrenal cortex 
stimulation. 
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A TOXICOLOGICAL AND BIOCHEMICAL STUDY 
OF w-FLUORO COMPOUNDS! 


J. M. PARKER? AND I. G. WALKER 


Abstract 


A series of w-fluoro compounds have been examined for their toxicity to mice 
and their ability to cause accumulation of citric acid in vivo. It was found that 
the toxic members did cause citric acid accumulation. Since fluoroacetate 
causes citric acid accumulation, it was concluded that the activity of these 
compounds and their effect on citric acid levels is in agreement with the 
hypothesis that these compounds were degraded to a fluoroacetyl derivative. 
The findings suggested that mice can degrade to fluoroacetate, compounds 
containing the following terminal radicals: amine, nitro, nitrile, thiocyanate, 
isothiocyanate, mercaptan, fluoride, chloride, bromide, iodide, tosylate, mesylate, 
2-ketone, sulphonyl chloride, 1-alkyne, ether, substituted urea, aldehyde, and 
carboxyl. When compared on a molar basis several of the toxic compounds 
containing four or more carbon atoms were more toxic than fluoroacetate. 
6-Fluorohexylamine and 6-fluorohexanoic acid, which were representative of 
this type of compound, were investigated in this regard. These compounds, 
like fluoroacetate, were not immediately reactive but appeared to be converted 
to the toxic end-product more efficiently. In the dog, death from 6-fluoro- 
hexylamine was due to respiratory failure. 


Introduction 


In two previous publications by Pattison (13, 14) the synthesis of a series 
of w-fluorinated compounds was reported. It was pointed out in these 
communications that the w-fluoro group acted as a unique indicator of the 
metabolism of the whole molecule. The rationale for this suggestion resided 
in the demonstration of an alternation in toxicity of members of an ascending 
homologous series. Thus, the more toxic members of a homologous series 
were considered to give rise through a final pathway of B-oxidation to 
fluoroacetic acid while the relatively non-toxic members produced the 
innocuous fluoropropionic acid. One of the consequences of fluoroacetate 
poisoning is the accumulation of citric acid in various tissues (3). The citrate 
accumulation has been explained by Peters (25) as the result of fluorocitrate 
formation from fluoroacetate. The former compound is a strong competitive 
inhibitor of the enzyme aconitase, which is responsible for the conversion of 
citric acid to cis-aconitic acid and isocitric acid. We considered that if 
Pattison’s toxic compounds produced a similar citrate accumulation this 
would support the hypothesis that they were metabolized to fluoroacetyl 
coenzyme A. 

As noted previously (13) many of the w-fluoro compounds have toxicities 
considerably greater than that of fluoroacetate, which has been used as a 
standard of comparison. In an attempt to explain this finding, 6-fluoro- 
hexylamine was chosen as a representative compound and studied more 
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thoroughly. The selection of fluoroacetate as the standard compound was 
based on two factors. First, it was believed to be the common intermediate 
in the metabolic degradation of the toxic w-fluoro compounds; second, much 
work has been done with this particular compound (4) while those used in 
this study were completely new compounds with unknown pharmacological 
properties. 

Experimental 


Toxicity determinations were made on Connaught strain white mice by 
intraperitoneal injection of the compound dissolved in propylene glycol. 
The volume injected did not exceed 0.1 ml. In the majority of the cases 10 
mice were used for each dose. The mice weighed 20 to 28 g. and were of 
either sex but for any one determination the weight variation was kept to 
+2 g. and the sex was the same. Some of the compounds were further tested 
on rats, rabbits, guinea pigs, and mice by intravenous injection. For the 
compounds of which the toxicities were compared directly, the LD50 values 
were calculated by probit analysis. For the other compounds an approximate 
estimation of the LD5. was obtained graphically. 

To ascertain if a given compound caused citrate accumulation a dose which 
was three to four times the LD59 was administered as above and 20 minutes 
later the animal was killed by decapitation. The kidneys were removed and 
frozen with dry ice, within 2 minutes of the time of decapitation. Ten 
animals were used for each determination, their kidneys being pooled. 

For the study of the time course of citrate accumulation in kidney and brain, 
fluoroacetate was dissolved in water while 6-fluorohexylamine and 6-fluoro- 
hexanoic acid were dissolved in propylene glycol. Injection was by the 
intraperitoneal route. At varying time intervals after injection the animals 
were killed and the organs removed and frozen as above. The pooled organs 
from 10 animals were used for each analysis. Comparable groups of animals 
were set up for the observation of the time of onset of symptoms and death. 

For the determination of citric acid, trichloroacetic acid extracts of the 
organs were prepared as described by Buffa and Peters (3). The chemical 
procedure of Natelson et al. (11) was modified as follows: Into 15-ml. 
graduated centrifuge tubes were pipetted 2-ml. samples of trichloroacetic acid 
extract or standard solution. The latter contained 0 to 200 wg. of citric acid 
and was 14% in trichloroacetic acid (W/V) and 7.4% in sulphuric acid (W/V) 
to correspond with the extracts. To each tube was added 0.2 ml. of 1 M 
potassium bromide plus one drop of saturated bromine water (or sufficient to 
ensure an excess as noted by the color). The tubes were shaken and 0.5 ml. 
of 0.2 M potassium permanganate was added and the solutions mixed 
thoroughly. The tubes were left at room temperature for 10 minutes or longer 
and then were placed in an ice-water bath. When the solutions were cold, 
3% hydrogen peroxide (V/V) was added dropwise with shaking until the 
solutions were just decolorized. The excess peroxide was decomposed by the 
careful dropwise addition of 0.01 M permanganate until a faint pink color, 
which turned pale yellow on standing, was obtained. The volume was 
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adjusted to 5 ml., and 6 ml. of petroleum ether (b.p. 60—85°), purified according 
to Natelson et al. (11), was added from an automatic burette. Clean rubber 
stoppers were inserted into the tubes, which were then shaken vigorously by 
hand for 45 seconds and finally centrifuged for 5 minutes to clarify the upper 
layer. Four milliliters of the upper layer was pipetted into 4 ml. of a mixture 
containing equal volumes of 4% aqueous sodium sulphide solution (W/V) 
and 50% aqueous pyridine (V/V) contained in Klett-Summerson colorimeter 
tubes. The tubes were stoppered, shaken vigorously by hand for 30 seconds 
and centrifuged for 5 minutes to clarify the aqueous layer. The color in the 
aqueous layer was measured in a Klett-Summerson colorimeter using filter 
number 42. In order that the light path pass through only the aqueous layer, 
the tubes were raised by a rubber insert. Readings were made about 15 
minutes after shaking with the sodium sulphide solution. 

Bilateral nephrectomy of the mice was performed under ether anaesthesia. 
It had previously been determined that such animals survived for 24 hours 
with no further treatment. The nephrectomized animals were injected with 
fluoroacetate (49 mg./kg.) 5 minutes after the operation when they had 
partially recovered from the anaesthetic. Nephrectomized-control animals 
were injected with water. Sixty minutes after injection both groups were 
sacrificed and brain citric acid levels determined. 

Dogs were anaesthetized with nembutal and the carotid artery was 
cannulated. A tracheotomy was done and the dogs were given artificial 
respiration from a respirometer containing oxygen. Arterial and venous 
blood samples were taken at intervals and analyzed for carbon dioxide and 
oxygen. 6-Fluorohexylamine was injected intravenously in propylene glycol 
in increasing amounts until symptoms appeared. 

For intracarotid injection of 6-fluorohexylamine a dog was used in which 
the carotid artery had been operatively exteriorized. 


TABLE I 


REFERENCES TO PREPARATION AND TOXICITIES OF W-FLUORO COMPOUNDS 














Type of w-fluoro compound Reference | Type of w-fluoro compound Reference 
eae ees an —|| —______—_— patties 
Carboxylic acid 22, 24 Mercaptan 7 
Alcohol 19 Methyl! ketone 5 
Aldehyde 27 Phenyl ketone 5 
Amine 20 Mesylate 10 
Amide 17 Tosylate 10 
Alkene 23 Isocyanate 12 
Alkyne 23 Thiocyanate 7 
Alkyl fluoride 18, 24 Isothiocyanate 12 
Alkyl chloride 18 Sulphonyl fluoride 9 
Alkyl bromide 18 Sulphonyl chloride 9 
Alkyl iodide 18 Substituted urea 12 
Ether 21 6-Ketone 5 
Nitrate 15 3-Keto acid 5 
Nitrile 16 2-Enoic acid 22 
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Results and Discussion 


When Pattison (13, 14) first began the synthesis of w-fluoro compounds, the 
toxicity determinations were performed at the Suffield Experimental Station 
of the Defence Research Board of Canada. Later in the course of this work 
the toxicity determinations were performed in this laboratory. For the 
toxicities of the compounds determined at Suffield and those determined in 
this laboratory but not mentioned in this paper reference should be made to 
the publications of Pattison and co-workers as given in Table I. 

In Table II are compared some representative w-fluoro compounds which 
contain an odd or an even number of carbon atoms in their chains. The 
properties compared are their toxicities and their ability to cause citrate 
accumulation in the kidney measured 20 minutes after a dose of each compound 
which was three to four times its LDs5o. Comparison should be made between 
compounds having the same functional group. It is to be noted that the 
compounds in the even group are considerably more toxic than their counter- 
parts in the odd group. Toxicities have been expressed on a moles per 
kilogram basis because of the wide variation in molecular weights. To make 
the point unequivocally that the even-numbered compounds are decidedly 
more toxic than the corresponding odd-numbered compounds the relevant 
statistical data have been given in Table III. The equation is a weighted 
regression line of the mortality probit on x where x is the logarithm of the 
dose in mg./kg. 

A second striking difference between the comparable even and odd 
compounds is that the former cause a marked accumulation of citric acid and 
the latter do not. Indeed the citric acid levels found after dosage with the 
odd-chained compounds had the same variation as those in kidneys from 
untreated animals. It is also noteworthy to compare the large dosage of the 


TABLE III 


PROBIT ANALYSIS DATA 





95% x? Degrees of 
Regression equation limits of b (P = 0.05) freedom 


Sodium fluoroacetate y= -1.38 + 5.75% + 4.92 3.35 3 
6-Fluorohexanoic acid y= 4.41 4+ 3.01% +11.95 19. 33* 4 
4-Fluorobutanal y= 3.35 + 5.26x + 4.61 0.90 3 
6-Fluorohexylamine y= 4.15 + 4.872% + 2.97 0.85 3 
6-Fluorohexy! isothiocyanate y = —2.04 + 6.55x% + 3.27 6.70 5 
1,10-Difluorodecane y= 2.67 + 7.37% + 4.53 2.49 4 
3-Fluoropropionic acid y= -7.744+ 7.45% + 2.80 3.83 7 
9-Fluorononanoic acid y = —8.27 + 6.77 x + 3.23 20. 38* 7 
9-Fluorononanal Insufficient data 

7-Fluoroheptylamine y= —4.65 + 5.76% + 4.46 9.42 4 
5-Fluoroamyl isothiocyanate y= 1.07 + 2.182% + 2.17 2.68 4 
1,7-Difluoroheptane y= -1.51 + 4.88x + 2.38 PS 4 





*Significant at P = 0.05. 
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TABLE IV 


CITRATE ACCUMULATION CAUSED BY REPRESENTATIVE TOXIC W-FLUORO COMPOUNDS 











Citrate concentration Reference 





Approximate LD5o, in kidney, to chemical 

mg./kg. ug./g. tissue preparation 
6-Fluoro-1-nitrohexane 3.5 411.0 16 
7-Fluoroheptanonitrile ye | 754.0 16 
6-Fluorohexyl thiocyanate 5.0 423.0 7 
6-Fluorohexyl mercaptan Pe: 1066.0 7 
6-Fluorohexyl chloride 5.8 1217.0 18 
6-Fluorohexyl bromide 12.8 963.0 18 
6-Fluorohexyl iodide 4.5 634.0 ae 
4-Fluorobutyl tosylate 30.0 417.0 10 
8-Fluoro-2-octanone 3.0 1277.0 5 
4-Fluorobutyl mesylate 1.0 814.0 10 
6-Fluorohexanesulphonyl chloride 9.3 1477.0 9 
4-Fluoro-4’-chlorodibutyl ether 1.3 840.0 21 
N,N’-bis-4-fluorobutyl urea 4.4 630.0 12 
6-Flouro-1-hexyne Sd 905.0 23 








odd-chained compounds where no citrate accumulation occurred with the 
small dosage of the even-chained compounds where there was a marked 
citrate accumulation. 

In Table IV are shown more toxic w-fluoro compounds which have been 
examined for their ability to cause citric acid accumulation. With the 
exception of the substituted urea and the ether, each compound has been 
chosen from a homologous series and is representative of a toxic member in 
the series. The ether and the substituted urea are of interest as miscellaneous 
toxic w-fluoro compounds (not belonging to any homologous series) which give 
rise to citrate accumulation. 

From the above results the following facts are apparent. The toxic 
compounds tested cause citric acid accumulation as does fluoroacetate. The 
relatively non-toxic compounds tested, including fluoropropionic acid, do not 
cause citrate accumulation. These observations are taken as indirect evidence 
in support of the hypothesis that the toxic fluoro compounds are metabolized 
to fluoroacetatyl coenzyme A while the non-toxic members yield a fluoro- 
propionate derivative. Pattison (13, 14) has previously concluded from 
toxicity data that an extremely wide variety of w-fluoro organic molecules can 
be metabolized to fluoroacetate. Our determinations of citric acid accumulation 
support this idea. The ability of the mammalian organism to metabolize all 
sorts of foreign chemicals is indeed striking and appears to be well illustrated 
by the chemicals listed in Tables II and IV. 

In an additional study of toxicity in these laboratories the following 
compounds were tested by intravenous injection on rabbits and guinea pigs 
as well as mice: 6-fluorohexanoic acid, ethyl 8-fluorooctanoate, ethyl 10-fluoro- 
decanoate, 4-fluorobutyl benzoate, ethyl 8-fluoro-3-oxooctanoate, 6-fluoro- 
hexanoamide, 6-fluorohexanal, 6-fluorohexylamine, 8-fluorooctylamine, 10- 
fluorodecan-2-one, 12-fluorododecan-2-one, 4-fluorobutyl nitrate, 1,8-difluoro- 
octane, 4-fluorobutyl chloride, 4,4’-difluorodibutyl ether and 4-fluoro-4’- 
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chlorodibutyl ether. Among the above-mentioned species the LDs5o values 
obtained with these compounds were very constant, being in the order of 
1—2 mg./kg. It was also found that the amines were nearly as toxic when 
placed on the skin as when injected. For this reason considerable caution 
was observed in handling the fluoroamines. 

Table V shows the citric acid concentration in kidney and brain at various 
times after the administration of sodium fluoroacetate, 6-fluorohexylamine, 
and 6-fluorohexanoic acid. The middle dose of each compound is an LDgo 
dose, the other concentrations are one-third and three times this value. From 
an examination of the table it appears that 6-fluorohexylamine does not 
behave in a manner which is unique or different from that of fluoroacetate. 
However, at each dose level the amount of fluoroacetate administered is 
approximately 10 times more than the amount of fluoroamine on a molar 
basis. These findings suggest that the fluoroamine is either excreted less 
rapidly or is metabolized to the toxic end-product more efficiently than 
fluoroacetate, and provide an explanation for the greater toxicity of the 
fluoroamine. 6-Fluorohexanoic acid gave qualitatively and quantitatively the 
same picture as the amine, as can be seen in Table V. The marked similarity 
in behavior of these two compounds suggests an identical metabolic pathway 
once the amine has been converted, by the accepted route, to the acid. 

A further point to be derived from this experiment is the difference in 
response of the two tissues. It may be seen in Table V that the rate and 
extent of citrate accumulation is greater in the kidney than in the brain. 
These differences could be attributable to several factors such as a variation 
between the tissues in vascularity, permeability, or in differing activities of 
the tricarboxylic acid cycle enzymes and associated enzymatic processes. In 
support of the last suggestion, Brady (2) was able to isolate a fluoroacetate- 
activating preparation from kidney but was not able to demonstrate fluoro- 
acetate activation in extracts of brain. 

It appeared possible that citric acid could have been synthesized in another 
organ and transported to the brain. To test this possibility the effect of 
fluoroacetate on the citrate concentration in the brains of nephrectomized 
animals was studied. It was felt that removal of the kidneys, in which the 
citrate concentration became so high, might result in a diminished citric acid 
accumulation in the brain following dosage with fluoroacetate. At 60 minutes 
after injection the nephrectomized group given fluoroacetate showed a brain 
citric acid concentration of 240 ug./g. while the nephrectomized control group 
showed a concentration of 67 ug./g. These values are practically identical 
with those obtained from non-operated animals, hence it is concluded that 
the high citrate level in the kidneys and probably in other organs does 
not affect the citrate accumulation in brain. Brady (2) was not able to 
demonstrate a fluoroacetate-activating system in extracts of brain which 
would activate acetate. This investigator purified a system from kidney 
which would activate both fluoroacetate and acetate. He also obtained 
fractions which although capable of activating acetate would not activate 
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fluoroacetate. He assumed that when fluoroacetate activation occurred that 
it had been brought about by a transferring enzyme. Whether our findings 
are the result of a specific fluoroacetate activating enzyme or a transferring 
enzyme cannot be decided at this time. 

The possibility of transfer of citrate from one tissue to another might seem 
to be refuted by the recent demonstration of Schneider et al. (26) that liver 
mitochondria are impermeable to citrate. That mitochondria might not 
always be resistant to the passage of citrate is suggested by the fall after 20 
minutes of the kidney citrate concentration in response to the highest doses 
of fluoroacetate, 6-fluorohexylamine, and 6-fluorohexanoic acid as can be seen 
in Table V. This observation could be interpreted as a release of citric acid 
from within the kidney cells. However, our results do not provide information 
concerning the variation in kidney citrate concentration among individual 
animals and hence it is not known if the observed decrease is statistically 
significant. Therefore, the suggestion concerning citrate release from the 
kidney can only be speculative. The finding of an increased citrate concentra- 
tion in the blood of fluoroacetate-poisoned animals (3) is also suggestive of 
release from tissues. The true explanation will have to await further studies. 

It was hoped that the time study might suggest some correlation between 
citrate levels and symptoms or time of death but such a correlation could not 
be found. However, where citrate was found to have accumulated in the 
brain, convulsions or convulsions and death were observed in the comparable 
observation group. The corollary of this situation was also found, i.e. at the 
lowest dose level of 6-fluorohexylamine or 6-fluorohexanoic acid, there was no 
citrate accumulation in the brain (Table V) and no deaths or convulsions were 
seen in the observation groups. These findings are much the same as those 
reported by Chenoweth and his group (6, 8), who attempted to correlate 
encephalographic changes indicative of convulsions with brain citrate levels. 
In the nephrectomized mice, symptoms appeared at the same time as in the 
non-nephrectomized animals suggesting also that the occurrence of symptoms 
was related to citrate accumulation in the brain. 

On a molar basis 6-fluorohexylamine had an LD 5 which was 1/14th that of 
fluoroacetate, but all the evidence pointed to a similar mechanism of action, 
i.e. similar symptoms and citric acid accumulation. However, to establish the 
cause of death in poisoning by 6-fluorohexylamine and to obtain a more 
quantitative description of the symptoms caused by this compound, blood 
pressure, heart rate, and respiration in two dogs were recorded following 
dosage as previously described. At the time of injection there was an 
immediate fall in blood pressure, which then returned to normal. This same 
effect was observed after n-hexylamine at the same dose level and hence was 
not peculiar to the w-fluorinated compound. Very little effect was seen until 
accumulated doses of 2-3 mg./kg. were reached and 20 minutes had elapsed. 
At these doses respirations became very fast and shallow. The coefficient of 
oxygen utilization showed no significant changes during the experiment. 
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Death occurred from respiratory failure, the heart continuing to beat after 
respirations had ceased. The usual convulsive effect of w-fluorinated 
compounds was abolished by the anaesthetic. 

To see whether any immediate signs appeared from rapid introduction 
into the brain, 6-fluorohexylamine was injected into the carotid artery of a 
conscious dog. This type of experiment has been done by Aprison et al. (1), 
who demonstrated a behavioral pattern in rabbits that was produced by the 
unilateral intracarotid injection of an anticholinesterase drug, diisopropyl- 
fluorophosphate. The pattern consisted of continuous compulsive circling, 
the direction of which depended on the side injected. When this same type 
of experiment was performed on a dog using 6-fluorohexylamine, no evidence 
of a unilateral reaction was perceived. The symptoms were the usual, 
generalized convulsions with the usual latent period for the symptoms to 
appear. These results suggest that the compound is not immediately reactive 
like diisopropylfluorophosphate but is taken up throughout the body and 
metabolized to the toxic end-product. 
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THE SITE OF ACIDIFICATION OF THE URINE 
IN THE DOG’S KIDNEY! 


T. F. NICHOLSON 


Abstract 


Damage to the proximal tubules of one kidney in the dog resulted in a decrease 
in the acidity of the urine excreted by the damaged kidney. When ferric 
ammonium citrate and sodium ferrocyanide were injected intravenously into 
dogs excreting urines of pH 5.0 or less, Prussian blue was formed at the brush 
borders of the cells of the proximal tubules indicating an acidity of pH 3.5 or less. 
Injected Tépfer’s reagent (range pH 2.9 to 4.0), and tropaeolin 00 (range pH 1.9 
to 2.4) were seen in their acid forms at the same site. When a carbonic anhydrase 
inhibitor was injected into the renal artery of one kidney the above phenomena 
were not observed. When the urine pH was greater than 6.0 no Prussian blue 
was formed and the indicators listed were in their alkaline forms. In these 
animals injected bromothymol blue and bromocresol purple were seen in the 
lumina of the tubules in shades indicating a pH above 7.0 in the proximal 
tubules and about 6.0 to 6.5 in the distal tubules. It seems evident that, when 
dogs are excreting markedly acid urines, hydrogen ions are secreted in high 
concentration at the brush borders of the proximal convoluted tubules. On the 
other hand when the acidity of the urine is slight, acidification of the urine 
appears to take place in the distal tubule. 


Following the demonstration by Montgomery and Pierce (7) that in the 
frog’s kidney, the urine is acidified in the distal tubule, it has been assumed by 
most authors that this part of the nephron is the site of urinary acidification 
in all species. However, Ellinger (4) reported that during acidosis, acid 
urine may be found in both proximal and distal tubules of the frog and rat. 
Earlier MacCallum and Campbell (6) reported the deposition of Prussian 
blue in the proximal tubules of rats, cats, and dogs after the injection of 
ferric ammonium citrate and sodium ferrocyanide, provided the animals were 
excreting a markedly acid urine. As the Prussian blue reaction takes place 
only very slowly at a pH higher than three, they concluded that molecular 
hydrochloric or other strong mineral acid was secreted by the proximal 
tubules. More recently it has been suggested by Berliner (2) and Pitts (10) 
that the exchange of hydrogen and sodium ions occurs in both proximal and 
distal tubules. Barter (1) has stated that this process is restricted to the 
proximal tubules. 

In this paper, which amplifies a preliminary report (8), the presence of a 
low pH at the brush border of the proximal tubule is confirmed and further 
extended and it is shown that this reaction no longer occurs when an alkaline 
urine is being secreted following acetazoleamide administration. 


Experimental 


Slight unilateral proximal tubular nephrosis was produced in female dogs 
by injecting a 0.1% solution of racemic sodium tartrate into the left renal 

1Manuscript received January 4, 1957. Pee 
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artery and removing it from the left renal vein by the method previously 
reported (Nicholson, Selby, and Urquhart (9) ). Following the operation, the 
animals were starved for 48 hours to ensure the production of an acid urine. 
They were then anaesthetized with sodium pentobarbital, the bladder opened, 
and the ureters catheterized. The urine from each kidney was collected 
separately under oil, for four successive half hour periods. The titratable 
acid, pH, and inorganic phosphate were determined on the urine from each 
kidney. 

Titratable acid was determined by titrating the urine with 0.01 N sodium 
hydroxide to pH 7.35 using the Beckman pH-meter with external glass 
electrodes. The pH was determined with the same instrument, using the 
ordinary glass electrodes. Inorganic phosphate was determined by Gomori’s 
method (5). 

Histochemical studies were made on the kidneys from three groups of dogs. 
Group 1 was starved for 24 hours and then fed on a diet of egg yolks scrambled 
in margarine until urine of pH 5.0 or less was being excreted. The animals 
were anaesthetized and injected intravenously with one of the following 
solutions: (a) 6 ml./kg. of a solution of 1% ferric ammonium citrate and 0.8% 
sodium ferrocyanide; (6) 50 mg. of Tépfer’s reagent; and (c) 50 mg. of 
tropaeolin 00, each in 50 ml. of 0.05 N HCl. When the injected substance 
appeared in the urine one of the kidneys was exposed through an incision in 
the flank and thin slices of cortex and medulla were removed. The slices 
from the animals receiving infusion (a) were sectioned on a freezing microtome, 
lightly counterstained with basic fuchsin, and dehydrated and mounted in 
the usual manner. The slices from the dogs receiving the other infusions were 
frozen in isopentane chilled to the temperature of liquid nitrogen, dehydrated 
in the Stowell (12) freeze-drying apparatus, and embedded in paraffin. Sec- 
tions were cut at 10 yw, the paraffin removed with anhydrous xylol, and 
mounted in neutral Canada balsam. 

Group 2 was treated in the same way except that 1 mg./kg. of the carbonic 
anhydrase inhibitor acetazoleamide was injected slowly into the left renal 
artery. The infusion was started at the same time as the intravenous injection 
of the indicator being used and was completed just prior to the removal of 
the kidneys. 

The animals in group 3 were on the stock laboratory diet and were excreting 
urines of pH 6.0 to 6.5. Some were injected with solutions (a) and (6). 
Others were injected with 50 mg. of bromocresol purple or 50 mg. of bromo- 
thymol blue in 50 ml. of 0.005 N NaOH. Small pieces of filter paper 
spotted with Tépfer’s reagent and tropaeolin 00 in citrate-HCl buffers at 
pH 1.9, 2.9, and 3.9 and with bromocresol purple and bromothymol blue in 
phosphate buffers at pH 5.9, 6.5, 7.0, and 7.4 were run through the same 
freeze-dry process as the tissue slices. 


Results 


Table I shows the effect of slight proximal tubular nephrosis on urine pH 
and the excretion of titratable acid and inorganic phosphate. There is a 

















Fic. 2 


Fic. 1. Frozen section from the cortex of a kidney from a dog excret- 
ing a urine of pH 5.1, showing the deposition of Prussian blue in the brush 
borders of the cells of the proximal tubules following infusion of a solution 
of 1% ferric ammonium citrate and 0.8% sodium ferrocyanide. Counter- 
stain, “basic fuchsin. 


Fic. 2. Frozen-dried section from the cortex of the kidney of a dog ex- 
creting a urine of pH 4.9, showing the presence of the red, acid form of 
Tépfer’s reagent in the brush border following the infusion of 50 mg. 
Topfer’s reagent in 50 ml. of 0.05 N HCl. No counterstain. 


Note: Magnification of both Fig. 1 and Fig. 2, 1200x. 
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TABLE I 


TITRATABLE ACID, pH, AND INORGANIC PHOSPHATE OF URINE 
IN MILD TARTRATE NEPHROSIS 

















meq./min. titr. ac. pH mM./min. phosphate 

Dog. Normal  Nephrotic Normal Nephrotic Normal Nephrotic 
No. kidney kidney kidney kidney kidney kidney 
1 0.016 0.011 5.2 6.2 0.018 0.017 
2 0.013 0.007 6.0 6.8 0.017 0.018 
3 0.014 0.010 5.3 5.8 0.014 0.013 
4 0.017 0.010 5.4 6.6 0.020 0.021 
5 0.017 0.008 5.3 6.7 0.019 0.019 
6 *0.016 0.017 5.1 3.0 0.018 0.019 
7 *0.017 0.018 4.82 4.81 0.020 0.021 





*Both kidneys normal. 


definite decrease in both titratable acid and hydrogen ion concentration of 
the urine excreted by the nephrotic kidney. The excretion of inorganic 
phosphate on the other hand is the same from normal and nephrotic kidneys. 

The kidneys of the dogs in group 1 which had been injected with ferric 
ammonium citrate and sodium ferrocyanide showed deposition of Prussian 
blue in the brush borders of the cells of the proximal convoluted tubules 
(Fig. 1). Toépfer’s reagent (range pH 2.9 to 4.0) was found in its red, acid 
form in the same situation in the upper part of the nephron (Fig. 2) as was the 
red acid form of tropaeolin 00 (range 1.9 to 2.9). In the lumina of all portions 
of the tubules the indicators exhibited the color of the alkaline end of their 
ranges. Tropaeolin 00 was not present in sufficient concentration to obtain 
reproducible photomicrographs. 

In the animals in group 2 there was no formation of Prussian blue or of 
the acid form of either of the indicators in the kidneys injected with acet- 
azoleamide. The uninjected kidneys showed the same picture as was found 
in group 1. 

In group 3 there was no formation of Prussian blue by the kidneys nor was 
the acid form of Tépfer’s reagent found at any site in the nephron. In those 
animals receiving injections of bromothymol blue there was a faint blue 
coloration with just a hint of green, indicating a pH of 7.2 to 7.6, in the 
lumens of the proximal tubules and loops of Henle. In the lumens of the 
distal and collecting tubules a yellowish tinge was seen, suggesting pH 6.5 or 
less. The kidneys of animals receiving bromocresol purple showed nothing 
definite in the proximal tubules but in the lumens of the distal and collecting 
tubules a faint greenish purple coloration, suggesting a reaction of about pH 
6.0, could be seen. 

The pieces of filter paper went through the freeze-dry procedure with the 
colors of the indicator spots unchanged. 
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Discussion 


Decreased urinary titratable acidity may be the result of either a decrease 
in the excretion of hydrogen ions or to a reduction in the amount of buffer 
salts, mainly phosphates, available for exchange with hydrogen ions (Pitts 
and Alexander (11) ). As the phosphate excretion from the kidneys with 
upper nephron nephrosis was not reduced and the change in pH was sufficient 
to account for the decrease in titratable acid (Table I), it is reasonable to 
assume that there has been a reduction in secretion of hydrogen ions. Since 
the distal tubules were not affected, it seems probable that a considerable 
part of the acidification of the urine takes place in the proximal tubules when 
urine of pH 6.0 or lower is being formed. The results of the experiments on 
formation of Prussian blue and the excretion of indicators confirm this. 

The observation that the first part of the nephron in which Prussian blue 
is found is the brush border of the proximal tubular cells and that the acid 
forms of the indicators used are seen only in this situation indicates that 
hydrogen ion secretion probably occurs at this point. Further, the finding at 
this site of the red coloration of tropaeolin 00 indicates that a pH of at least 
2.0 is attained here. This means that at the probable point of hydrogen ion 
secretion in the proximal tubule the concentration of hydrogen ions is as 
great as in the gastric juice and much higher than has hitherto been thought 
possible. However, since the lowest urinary pH observed is about 4.5 the 
buffering effect of the tubular fluid must be sufficient to prevent any greater 
acidity in the lumen of the tubules. 

As the brush border of the proximal tubule was the only portion of the cell 
into which the indicators penetrated and as the Prussian blue reaction occurred 
in this region the pH found here is presumably due to secretion, or at least 
concentration, of hydrogen ions at or near the cell surface. This is analogous to 
formation of hydrochloric acid on the walls of the canaliculi of the oxyntic cells 
of the stomach (Bradford and Davies (3) ). No information was obtained about 
intracellular changes in the renal tubule cells during hydrogen ion secretion. 

The absence of an acid reaction at the brush border when the urine secreted 
was not markedly acid must mean that this hydrogen ion secretion is faculta- 
tive. Further, the abolition of this hydrogen ion secretion by rather large 
doses of acetazoleamide suggests that carbonic anhydrase may be necessary 
for its occurrence. 

In the animals in which the urine excreted had a pH higher than 6.0 
acidification of the urine occurred in the distal tubule. This is in agreement 
with the observations of Montgomery and Pierce (7) in the frog and Ellinger 
(4) in the frog and rat. 

In conclusion it appears that a facultative hydrogen ion secretion occurs 
in the proximal tubule of the kidney involving a pH in the neighborhood of 
the brush border of 2 or less. This hydrogen ion secretion is depressed by 
alkalosis and acetazoleamide. A further acidification of the urine occurs in 
the distal tubule. 


Thanks are due to Mr. C. H. Downs for technical assistance. 
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Abstract 


A new method of purification of crude neutral extracts of urine for the isolation 
and determination of aldosterone is presented. The specificity and accuracy of 
the method depend upon the high degree of purity of the aldosterone isolated. 
The assertion that the substance isolated is aldosterone is based on the mobilities 
in the three chromatographic systems used, on the typical ultraviolet absorption 
curve, on the satisfactory agreement between the values obtained by ultraviolet 
absorption and by blue tetrazolium reaction, and by the typical chromogen 
spectra in concentrated sulphuric acid and in 100% phosphoric acid. Values 
obtained in nine normal subjects on ordinary diets vary from 2.2 to 10 ug. per 
day with a mean of 5.1. Illustrations of results obtained during pregnancy, 
anxiety state, and periods of high potassium and combined high sodium and 
potassium intake are presented. 


Introduction 


Progress in the understanding of the physiopathological significance of 
aldosterone has been hampered by the lack of a specific, accurate, and sensitive 
method for its determination in biological fluids. The two chief difficulties 
in the measurement of urinary aldosterone are its complete extraction and 
its specific and accurate determination. Since there are no known specific 
methods for the determination of aldosterone in an unpurified extract, the 
best procedure is to achieve its complete separation from other substances 
present in urinary extracts. 

Numerous methods for the measurement of aldosterone contained in 
urinary extracts have been reported. Most workers (2, 4, 16, 22, 31, 32) are 
using a biological assay in adrenalectomized animals for the detection and the 
determination of aldosterone contained in crude or semipurified urinary 
extracts. The interpretation of results obtained with biological assays is 
meaningful and accurate only if a time-dosage response relationship is 
demonstrated and if a standard with at least two different dosages of either 
pure aldosterone or desoxycorticosterone is used with each assay of the 
urinary extract at two dosage levels (17). Unreliable results and confusion 
in the literature especially regarding the aldosterone response to ACTH 
administration have come from the fact that (1) too many experiments were 
carried out with only one time—dosage equivalent of urinary extract and 
therefore, without any evidence of a time—dosage relationship, (2) amounts 

1Manuscript received December 3, 1956. 
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of aldosterone were obtained simply by extrapolation of the mean decreases of 
sodium excretion or of the Na/K ratio on a standard curve previously 
established, and (3) crude or insufficiently purified extracts of urine were used. 

Distribution curves of the individual results from each rat expressed as 
absolute values or as percentage of the mean control values indicate the very 
wide range and the scattered distribution of results obtained at any dosage 
level. This fact supports our conviction that the biological response of 
adrenalectomized rats to injections of sodium-retaining substances is a 
qualitative one and a poor quantitative one. In addition, this biological 
procedure consumes much time and money and is subject to many frustrating 
variations. 7 

Other workers (1, 23, 24, 25) have employed a non-specific chemical 
determination (usually the blue tetrazolium reaction) using an insufficiently 
purified urinary extract obtained following only one or two chromatographic 
separations. Such results may not be representative of aldosterone because 
of the presence of a number of interfering substances as we demonstrated in 
earlier work (30). 

The routine procedure which we have been using since 1953 in this laboratory 
for the purification of urinary extracts (18) has been based on the successive 
chromatographic separation of crude neutral extracts of urine, first in the 
propylene glycol/toluene system of Zaffaroni and second in the 50% methanol/ 
ethyl acetate — toluene 1:9 system of Bush (19). This purification procedure, 
derived from the pioneering work of Simpson and Tait (30a), was also used 
by Neher and Wettstein (23) and recently by Avandano et al. (1). 

Extensive studies (30) of the aldosterone zone obtained in the last-mentioned 
system have revealed the presence of at least seven different substances 
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Fic. 1. Chromatographic purification of crude neutral extracts for aldosterone 
bio-assay. 

In the method used in our laboratory since 1953, crude neutral extracts were purified by 
successive paper chromatographic separation first in the propylene glycol/toluene system 
of Zaffaroni and second in the 50% aqueous methanol/ethyl acetate — toluene system of 
Bush. The aldosterone zone obtained in the latter is composed of up to seven ultraviolet 
absorbing compounds. 
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(Fig. 1). The work which led to the separation and isolation of these 
substances enables us to present in this paper a method which permits the 
isolation and determination of aldosterone with specificity and accuracy. 


Method 
Solvents and Reagents Used 


1. Chloroform: Mallinckrodt, Analytical Reagent. Redistilled and 
preserved with ethanol (1 part per thousand). 


2. Methanol: Merck Reagent. Redistilled. 

3. Ethanol: Gooderham & Worts. Aldehyde free. 

4. Benzene: Mallinckrodt, Analytical Reagent. Redistilled. 

5. Ethyl acetate: Mallinckrodt, Analytical Reagent. Redistilled. 
6. Tertiary butyl alcohol: Matheson & Bell. 

7. Acetone: Mallinckrodt, Analytical Reagent. Redistilled. 

8. Ethylene glycol: Fisher, Reagent Grade. 

9. Isooctane: Eastman, Practical Grade. 


10. Toluene: Merck, Reagent Grade. 

11. Glacial acetic acid: Merck, Reagent Grade. 

12. Propylene glycol: Eastman. 

13. Tetramethylammonium hydroxide: Eastman. 

14. Blue tetrazolium: Dajac Laboratories. 

15. Sulphuric acid concentrated: Merck, Reagent Grade. 
16. Phosphoric acid, 85%: Baker’s Analyzed. 

17. Phosphorus pentoxide: Baker’s Analyzed. 

18. Hydrochloric acid: Mallinckrodt, Analytical Reagent. 


Hydrolysis and Extraction Procedures 

A 24 or 48 hour aliquot of urine is continuously extracted at pH 1 for 8 
hours with chloroform in a Cohen type extractor (14) and re-extracted for 7 
more hours after standing overnight for 15 hours (Fig. 2). 

The chloroform extracts are pooled and washed twice with 0.1 N sodium 
hydroxide and once with distilled water. These washings are back-extracted 
with an equal volume of chloroform. The extracts are then evaporated to 
dryness in a flash evaporator.* 


Purification Procedures} (Figs. 3 and 8) 
The aldosterone contained in the crude neutral extracts obtained is 
successively purified by the following procedures: 


(1) Chromatography on Silica Gel Column 
The residue is dissolved in 3 ml. of chloroform and transferred quantitatively 
to a column of 2.5 g. of silica gel (23) (Davison 200 mesh) in a chromatographic 


*Manufactured by Laboratory Glass, Instruments Corp., N.Y. 

+For the technical details concerning paper chromatography and the various systems used, 
we refer the reader to the excellent textbooks of Brimley and Barrett (8), of Block, Durrum, 
and Zweig (7), and to the original papers by Burton and Zaffaroni (9, 33-36), by Bush (10-13), 
and by Eberlein—Bongiovanni (15). 
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Fic. 2. Continuous extraction of urinary aldosterone at pH 1. Cohen type extractor 
used. 

The solvent changes are effected at 2 and 6 p.m. on the first day and at 1 p.m. on the 
second day. The remaining urine is re-extracted once by hand with one-third volume of 
chloroform at 4 p.m. on the second day. 


tube of 18 cm. length and 1.2 cm. internal diameter. The flask containing 
the residue is washed successively three times with 2 ml. portions of chloroform 
which are transferred to the column. The first eluate obtained with 50 ml. 
of chloroform/acetone mixture 99 :1 by volume is discarded. The second 
eluate obtained with 100 ml. of chloroform/acetone mixture 1 : 1 by volume 
and containing the corticosteroids and aldosterone is evaporated to dryness 
in a small flash evaporator.* 


(2) Paper Chromatographic Separation in Ethylene Glycol/Toluene System 
(27) (see also alternative procedure, p. 433) 

An equivalent of 12 hours urine is deposited on a Whatman No. 2 paper 
strip 15 cm. wide by 58 cm. long, along a line ruled 10 cm. from the upper 
edge (Fig. 4). The Whatman paper has been previously dipped in a solution 
of ethylene glycol/methanol 1:1 vol/vol and the excess of stationary phase 
removed by blotting the strip twice between two similar paper strips which 
have been previously washed and dried in the manner which will be described 
later. 


*Manufactured by Borg Equipment Division, Jonesville, Wisconsin. 
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Fic. 3. Purification of urinary crude neutral extract for isolation of aldosterone. 

Method for purification and separation of aldosterone from other substances present in 
crude neutral chloroform extract of urine. (See description in the text.) The left 
columns of the paper chromatograms refer to the positions of hydrocortisone (F ), cortisone 
(E), and corticosterone (B) used as standards. The right columns show the successive 
separation of aldosterone from the other ultraviolet absorbing substances present in the 
corticosteroid fraction obtained from the silica gel column. 
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Fic. 4. Chromatographic technique. 

Twenty-five microliters of a standard solution of hydrocortisone (F), cortisone (E), and 
corticosterone (B) (100 mg.% in absolute ethanol) are deposited on the lateral edges of the 
paper strip. 
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Fic. 5. Elution technique. 


he bore of the capillary tube of the eluting device should be such that the time of flow of 
50 ml. 80% methanol is about 90 minutes. 


The chromatographic procedure is done at room temperature (21°—23° C.) 
and the time of development is 48 hours. In this system the movement of 
aldosterone under our experimental conditions is twice that of hydrocortisone. 
The zone from 2 cm. below the lower limit of the aldosterone spot up to 1 cm. 


below the lower limit of the hydrocortisone spot is eluted in a modified Haines 
device (Fig. 5). 


(3) Paper Chromatographic Separation in the System: Tertiary Butanol (250 
ml.) — Water (450 ml.) /Isooctane (500 ml.) (Eberlein—Bongiovanni E2B) (15) 

After elution of the aldosterone zone from the ethylene glycol/toluene 
system, a 24 hour equivalent of urine is deposited on a similar strip of 
Whatman paper (see later) and chromatographed for 8 hours at 24° to 28° C. 
In this system, aldosterone runs slightly more slowly than hydrocortisone. 
The zone included between the upper limit of the hydrocortisone standard 
and 6 cm. above is cut off and eluted as described above. The movement 
rates of various steroids in this system under our experimental conditions are 
listed in the Table I. 


TABLE I 


TERTIARY BUTANOL, WATER/ISOOCTANE SYSTEM: DURATION 8 HOURS, 
TEMPERATURE 24° C. WHATMAN No. 2 PAPER 








Distances from the starting line, cm. 





Compounds VI and VII 4.0 Cortisone 13.8 
Compound V 8.3 Compound III 16.2 
Aldosterone 9.6 | Compound IV 16.2 
Hydrocortisone 11.3 Liquid front 31.4 
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(4) Paper Chromatographic Separation in the System: 55% Aqueous Methanol 
Benzene (Bush B 5) (11) 

An equivalent of 24 hours urine from the eluate of the aldosterone zone is 
deposited along 3 cm. on a similar strip of Whatman paper (see later) and 
chromatographed for 4 hours at room temperature. An equivalent space is 
left free on the starting line to permit the cutting of a paper blank. The R; 
value of aldosterone is 0.39 under our experimental conditions. 

If after chromatographic separation, aldosterone is visible under ultraviolet 
light, the spot itself and 0.5 cm. above is cut off and eluted. If no spot is 
visible by ultraviolet light, the aldosterone zone, including 2 cm. above and 
below its Ry value, is cut off and eluted with 50 ml. of 95% distilled ethanol 
and evaporated in a vacuum desiccator or in a rotary evaporator. An eluate 
from an equivalent paper blank is prepared in the same way. 

When the aldosterone spot is visible under the ultraviolet light, it is possible, 
as will be demonstrated below, to obtain a highly pure compound in more 
than 90% of the cases studied. When it is not visible, arbitrarily cutting 
off a 4 cm. zone may include some impurities or some of compound VY. This 
latter compound can be readily detected by the extra peak at 480 my in the 
chromogen spectrum obtained in 100% phosphoric acid (Fig. 10a). 


Identification and Determination Procedures of Aldosterone 


(1) The ultraviolet absorption curve of the residue of the aldosterone zone 
obtained from the last system and dissolved in two or more milliliters of 95% 
ethanol is measured between 220 and 300 my in a Beckman Model DU 
spectrophotometer against a paper blank obtained in a similar way. The 
concentration of the ultraviolet-absorbing material is calculated using the 
following formula: 

C (g. perl). _ optical density at 239 mu X 360.4 
~ 45,800 ot 





(2) The quantitative determination of aldosterone is done with a blue 
tetrazolium reaction method previously described (26). The same blank 
prepared for the ultraviolet absorption curve is used. The concentration of 
aldosterone is read on a reference curve obtained with pure aldosterone. 
When there is a definite aldosterone spot visible on the last chromatogram, 
there is usually a good agreement between values obtained from the ultraviolet 
absorption at 239 my and the blue tetrazolium reaction. On the other hand, 
when there is no visible aldosterone spot and the zone is cut arbitrarily on the 
basis of its R; value, there can be in some cases possible contamination with 
impurities or with Compound V, which absorbs ultraviolet light but does not 
reduce blue tetrazolium. In those instances, the values given by the blue 
tetrazolium reaction reflect more accurately the quantity of aldosterone than 
those derived from the ultraviolet absorption. 
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Depending on the amount calculated from the ultraviolet absorption at 
239 my, one of the two following procedures is used: 

(a) For amounts above 2 ug. (Fig. 6): 

The residue of the aldosterone zone or a fraction of it is dissolved in 1.5 ml. 
of 95% ethanol followed by the addition of 0.25 ml. of 1% solution of tetra- 
methylammonium hydroxide* and by 0.25 ml. of a 500 mg.% blue tetrazolium 
solution in 95% ethanol. The solution is well mixed and after a period of 25 
minutes in the dark the reaction is stopped by adding 1 ml. of glacial acetic 
acid. The color intensity is read at the absorption maximum, usually 510 
mt ina Beckman Model DU spectrophotometer. 

(6) For amounts less than 2 yg. (Fig. 7): ‘ 

The residue of the aldosterone zone is dissolved in 0.5 ml. of 95% ethanol 
followed by the addition of 0.1 ml. of 1% tetramethylammonium hydroxide 
(prepared as above) and by 0.1 ml. of a solution of 500 mg.% of blue tetra- 
zolium in 95% ethanol. The resulting mixture is well stirred and after being 
allowed to stand in the dark for 25 minutes is acidified by the addition of 0.1 
ml. of glacial acetic acid. The resulting color intensity is determined at 
510 my in microcells 10 K 5 XK 40 mm., using a round slit of 1.5 mm. 
diameter, in a Beckman Model DU spectrophotometer. 





0.D. 
0.0. 6 J 7 
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Fics. 6 and 7. Determination of aldosterone by blue tetrazolium reaction. 
Fic. 6. Standardization curve of aldosterone for quantities above 2 wg. The color 
obtained from the reduction of blue tetrazolium obeys Beer’s law in the range studied. 
Fic. 7. Standardization curve of aldosterone for quantities below 2 ug. 


(3) If the amount of aldosterone as calculated by the above procedure is 
sufficient, further identification is done by the study of its absorption spectra: 
(a) in concentrated sulphuric acid, in which aldosterone shows a single peak 
at 288 my (5, 6, 30), (6) in “100%” phosphoric acid, in which aldosterone 
shows a single peak at 280 my (28, 29). This latter procedure has the 
advantage that the spectra are reproducible, are obtained within 20 minutes, 
and are stable for more than 24 hours. 


*The solution is prepared by adding 9 ml. of 95% ethanol to 1 ml. of 10% aqueous 
tetramethylammonium hydroxide. 

tThis absorption maximum may vary between 510 and 525 my, depending on the purity of 
the batch of blue tetrazolium used (Dajac Laboratories). 
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These spectra are read against the same blank used for the ultraviolet 
absorption curve, and the minimal concentration of aldosterone for these 
spectra is about 7 mg. per ml. of acid. 


Technical Details 

(1) The paper chromatographic strips were 15 cm. wide by 58 cm. long and 
were of Whatman No. 2 paper* (Fig. 4). These strips are previously extracted 
in a Soxhlet apparatus for 72 hours with a mixture of equal volumes of benzene 
and methanol and completely dried prior to chromatography. The position 
of the steroid is established by chromatographing a standard mixture of 
hydrocortisone, cortisone, and corticosterone on the lateral edges of each 
strip in the systems used. After development of the chromatogram, the 
position of the standards is ascertained by their absorption of ultraviolet light. 

(2) All the elutions of the aldosterone zones are done with a modified Haines 
eluting device (Fig. 5) (21) using first 25 ml. of chloroform and second 50 ml. 
of 80% methanol, except for the last chromatogram where the elution is made 
with 50 ml. of 95% ethanol. The eluates are evaporated in a vacuum 
desiccator or preferably in a small flash evaporator. 

The transfers of the dry residues of the paper chromatograms are done by 
dissolving the residues with 1 ml. of chloroform and depositing the solution on 
the paper strips. Four successive washings of the container with 80°; 
methanol (at least 0.2 ml. being used each time) are transferred to the paper. 
Meticulous care is exercised in washing the walls of the container thoroughly 
each time in order to obtain a quantitative transfer. 

(3) After they are dried, the paper chromatograms are examined with an 
ultraviolet sourcet with a maximum emission at 254 my. The limit of the 
visual detection is 7 to 8 wg. per square centimeter. 


Alternative Procedures Tried 

A. The following hydrolysis-extraction procedure has also been used 
extensively: immediate extraction of urine at pH 1 with chloroform and 
re-extraction following incubation at pH 4.5 with animal 8-glucuronidaset 
(300 units/ml.) for 24 hours at 37° C. 

B. Paper chromatographic separation. 

The propylene glycol/toluene system of Zaffaroni has also been employed 
for the first paper chromatographic separation of the corticoid fraction 
obtained from the silica gel column (Fig. 3). In this system an equivalent of 
8 hours urine is deposited on the same paper strip as described before. 

The paper has been previously dipped in a solution of propylene glycol/ 
methanol 1 : 1 vol/vol and the excess of stationary phase is removed in the 
same manner as described before. 

*Specially selected for chromatography. We have rejected several batches of this paper 
because of the presence of interfering blue tetrazolium reducing substances in the blank 
eluates. It is strongly recommended, that, before the paper is used for the final chromato- 
graphic separation, a blue tetrazolium reaction should be carried out on a blank eluate. This 
applies also to Whatman No. 1 paper, specially selected for chromatography. 


7Mineralite, Model RV 71. Research Equipment Corporation, California. 
{Prepared according to Fishman (16a). 
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The chromatographic procedure is done at room temperature (21° to 23° C.) 
and the time of development is 96 hours. In this system aldosterone runs 
slightly faster than cortisone. The zone 6 cm. below the lower limit of the 
cortisone spot and 1 cm. above the upper limit is cut off and eluted. 


Results 

A. Hydrolysis and Extraction 

The most suitable hydrolysis—extraction procedure in the study of urinary 
aldosterone is not settled at the present time and the evidence presented so 
far by various authors in favor of one or the other method is not conclusive in 
our opinion. Of five different procedures studied in our laboratory the most 
efficient ones appear to be the two mentioned above. In 13 parallel experi- 
ments using equal urinary aliquots from different subjects and patients for the 
comparison of the two extraction and hydrolysis procedures, continuous 
extraction at pH 1 yields slightly, but not consistently, more aldosterone than 


immediate extraction at pH 1 and re-extraction following B-glucuronidase 
hydrolysis (Table IT). 


TABLE II 
URINARY ALDOSTERONE EXCRETION VALUES (IN MG./DAY) OBTAINED 


BY TWO DIFFERENT EXTRACTION-HYDROLYSIS PROCEDURES 
(Extraction solvent: HCCI;) 








Immediate extraction at 


pH 1 and re-extraction following Continuous extraction at 
B-glucuronidase hydrolysis pH 1 (30 hours) 

8 16 

12 11 

8.3 10 

13 14 

11 19 

10 9.9 
3.7 3.6 

62 67 

15 10 

6 7 
1.4 4.5 
9.6 8.9 
aa 5 


Mean: iz. 14.3 


B. Paper Chromatographic Systems 

The two systems used for the separation of the polar corticosteroids yield 
almost identical results, as shown in Fig. 8. The main advantage of the 
ethylene glycol/toluene system is its greater speed of development without 
sacrifice of the sharpness of separation. A satisfactory separation can be 
achieved in half the time required with the propylene glycol/toluene system. 
No tailing is observed and it is possible to deposit on the same Whatman No. 2 
sheets of paper an equivalent of 24 hours of urine extract without overloading 
the paper. 
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C. Assessment of Method 


The principle underlying the method just described is based on the 
separation of aldosterone in a high degree of purity from other substances 
present in urinary extracts. The precision, accuracy, and specificity of the 
method are shown by (a) the mobilities of aldosterone on the three paper 
chromatographic systems used, (6) the typical ultraviolet absorption curve 
obtained in almost all the cases where the aldosterone concentration exceeds 
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Fic. 8. Comparison of the propylene glycol/toluene and of the ethylene glycol/toluene 
systems used for the preliminary separation of polar corticosteroids. 

The corticosteroid fraction obtained after silica gel fractionation of the crude neutral 
extract of a 48 hour urine aliquot from a seventh month pregnant woman was divided in 
two equal parts. For separation of the polar corticosteroids, the propylene glycol/toluene 
system of Zaffaroni was used for one aliquot whereas the ethylene glycol/toluene system of 
Nowaczynski and Koiw was used for the other. The cortisone—aldosterone zones obtained 
were separately purified according to the procedures outlined in the text. The results 
obtained are almost identical. The main advantage of the ethylene glycol/toluene system 
is its greater speed of development. 


15 wg. per day, (c) the satisfactory agreement between the ultraviolet absorp- 
tion and the blue tetrazolium reaction values, (d) the 83% recovery of 
aldosterone (30 ug.) added to a 24 hour urine aliquot from a normal subject, 
(e) by the typical absorption spectra obtained in concentrated sulphuric acid 
and in 100% phosphoric acid. 

Of all the compounds tested by us and by other authors (5, 6, 28, 29) only 
aldosterone has the same spectrum in the two acids and the same mobility as 
our substance in the three chromatographic systems used. 

The only compounds with a single peak within 5 my of the main peak of 
aldosterone in both acids are listed in the Table III. All these compounds can 
be separated easily from aldosterone in at least one of the chromatographic 
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TABLE III 


STEROIDS SHOWING A SINGLE PEAK WITHIN 5 My OF THAT SHOWN 
BY ALDOSTERONE IN THE TWO ACIDS 


Conc. H:SO, H;PO, 100% BT* 














Aldosterone 288 280 + 
Cpd. IV 288 283 _ 
Cpd. V 285 278, 479 — 
A,-Androstene-3,11,17-trione 283 280 - 
A,-Pregnene-3,11,20-trione 283 280 - 
A,-Pregnene-17,208,21-triol-3,11-dione Unknown 279 — 





*Blue tetrazolium reaction. 


systems used in this method (we do not know the position of Ay-pregnene- 
17,208,21-triol-3,11-dione in any of the systems used). All of them are blue 
tetrazolium negative. 

The sensitivity of the blue tetrazolium reaction is such that a fraction of a 
microgram of aldosterone can be determined with the micromethod described. 


Illustration of Clinical Applications 
1. Normal Subjects 


The urinary aldosterone of nine normal subjects on their usual diets were 
found to lie between 2.2 to 10 wg. per day with a mean of 5.1. 


2. Normal Pregnancy 

Eleven different urine aliquots from normal pregnant women in their 
seventh to ninth month of pregnancy were studied by the above procedure 
for the determination of aldosterone (Table IV). In addition to the other 
criteria outlined above, the absorption spectra obtained in each case (with 
the exception of one case, J.M.P., where insufficient material was available) 
in both concentrated sulphuric acid and in 100% phosphoric acid indicated 
that the substance was aldosterone (Fig. 9). 


0D 
00, —_—_—_—__—_—_—_——— 





600 + 





500+ 


oem 








240 300 360 420 480 540 600 my 


Fic. 9. Aldosterone isolated from pregnancy urine. 
The absorption curves of aldosterone obtained from the urine of a normal woman in the 
last trimester of pregnancy are identical with those of the crystalline compound. 
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TABLE IV 


URINARY ALDOSTERONE EXCRETION IN PREGNANCY* 


Micrograms per day 


U.V. det. B.T. det. 

E.G. Ist preg. 9th month 105 103 

ss i | 9th . 108 106 
B.N. =m 9th ” 48 45 

- ict * 9th 23 69 69 

- Zana“ 7th = 56.7 57 

a ae CO 8th a 172 200 
B.V. 2nd “ 9th * 59 67 
J.M.P. 2nd “ 9th 21 17 
GL. ze * 8th 45 63 66 
J.B. — .* 8th 7 102 100 
Pooled 268 liters 


7th-9th month 57 .5/liter 56/liter 


*Urines adjusted to pH 1 and extracted continuously for 24 hours. 
J p ; 


3. One Case of Anxiety State 

In this case, there was a certain discrepancy between the amount found by 
ultraviolet absorption and by the blue tetrazolium reaction. The finding of 
a secondary peak at 480 my in the 100% phosphoric acid chromogen strongly 
suggests that aldosterone was contaminated by Compound V (Fig. 10a and 
106), which migrates very near aldosterone in the 55% aqueous methanol / 
benzene system and which absorbs ultraviolet light maximally at 239 my but 
does not reduce blue tetrazolium. Therefore, the blue tetrazolium determina- 
tion must be taken as representative of the aldosterone concentration. 


4. Subjects on a High Potassium Intake 

In the three cases studied, the urines were extracted after acidification to pH 1 
with concentrated hydrochloric acid and re-extracted after B-glucuronidase 
hydrolysis and the tertiary butanol—water/isooctane paper separation was 
done after the propylene glycol/toluene and the methanol — water/ethyl 
acetate — toluene chromatographic separations. These cases included a 
normal subject (Fig. 11), a subject described as ‘‘hyper-reactor’’ (pre- 
hypertensive stage?), and a patient with early benign essential hypertension 
(Fig. 12). In response to the sudden increase in potassium intake there was 
in each case a 3- to 4-fold increase in aldosterone excretion, and a 30- to 
100-fold increase in Compound III excretion. In addition, a more polar spot 
(Compounds VI and VII) appeared just below the starting line (Fig. 13). 


5. Subject on a Combined High Potassium and High Sodium Intake 

The finding of a slight increase in urinary aldosterone occurred despite an 
augmented sodium excretion (Fig. 14) and is better correlated with the fall in 
urinary Na/K ratio. No significant amounts of Compound III or of the 
more polar substances could be detected in any of the tertiary butanol — 
water/isooctane chromatograms done during the combined high potassium 
and high sodium intake, in this subject. 
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Fic. 10a. Aldosterone in a case of anxiety state. 

The aldosterone isolated in a patient with anxiety state shows an ultraviolet absorption 
curve and a chromogen spectrum in concentrated sulphuric acid which coincide with those 
of authentic aldosterone. But the additional peak at 480 my in the chromogen spectrum 
“100%” phosphoric acid, and the difference in the quantitative results obtained by the 
blue tetrazolium reaction (60 ywg./day) and by the ultraviolet absorption (92 yug./day) 
strongly suggest contamination with Compound V. This substance does not reduce blue 
tetrazolium, but absorbs ultraviolet light maximally at 240 my. (See Fic. 100.) 

Fic. 106. Compound V. 

Some characteristics of Compound V are shown in this figure: chromatographic 
behavior in four systems (propylene glycol/toluene, isooctane/butanol—water, benzene/ 
55% methanol, and toluene — ethyl acetate/methanol—water), ultraviolet absorption cur- 
ve, and absorption spectra in concentrated sulphuric acid and in 100% phosphoric acid. 





Fic. 12. Effect of high potassium intake. 

Variations in urinary aldosterone and Compound III excretion before, during, and 
after high potassium intake. 

This 16-year-old patient with benign essential hypertension, received, in addition to his 
usual diet an amount of 180 meq. of potassium (Potassium Triplex, Lilly) per day for five 
days, which was increased to 270 meq. per day for an additional 4 days. For other 
details, refer to legend of Fic. 11. 











NOWACZYNSKI ET AL.: URINARY ALDOSTERONE 439 





B.V. NORMAL SUBJECT (usuol diet) 





180 mEq / DAY 





pg/DAY 


COMPOUND 11! 
400F 


300F 
200+ 


ee 


4g [MDOSTERONE 














30F 

20F 

“f 

0 _ = 
“2 -l ew ‘qs tf 4 2 2 eS 
CONTROL HIGH K_ INTAKE CONTROL 


Fic. 11. Effect of high potassium intake. 


A 29-year-old normal male subject received, in addition to his usual diet, 180 meq. of 
tassium per day for a period of seven days. (The potassium was kindly supplied as 
Fussadewn Triplex by Dr. K. G. Kohlstaedt, Lilly Company.) The urinary excretion of 
aldosterone and of Compoound III was determined before, during, and after the period 
of high potassium intake. The columns indicate the results obtained for Compound III 


(ultraviolet absorption values) and for aldosterone (values obtained by the blue tetra- 
zolium reaction). 
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ALDOSTERONE ZONE FROM ZAFFARONI & BUSH C SYSTEMS 
CHROMATOGRAPHED IN EBERLEIN-BONGIOVANNIS E>B SYSTEM 





BEFORE HIGH K INTAKE AFTER 


Fic. 13. Prints of the chromatograms photographed in ultraviolet light (256 my), 
corresponding to days —3, 3, 4, and +4 of patient studied in Fic. 12. The most 
striking differences during the period of high potassium intake are (1) the 30- to 100-fold 
increase in Compound III (large spot at the level of hydrocortisone (F) and cortisone (E), 
(2) the threefold increase in aldosterone seen as a faint line in the middle chromatograms, 
just above Compound III, (3) the appearance of a more polar spot seen during the period 
of high potassium intake; this spot consists of at least two different substances. 


Discussion 


The crude neutral residue obtained after the hydrolysis and extraction 
procedure was fractionated first by the use of silica gel column (1). The first 
fraction contains substances mainly chromogenic and 17-ketosteroids, the 
removal of which facilitates the subsequent paper chromatographic separation. 
The portion eluted by chloroform acetone 1 :1 vol/vol contains the cortico- 
steroid fraction including aldosterone and is used for further paper chromato- 
graphic purification. 

As was pointed out above, the aldosterone zone obtained after successive 
chromatographic separations in the propylene glycol/toluene and the 50% 
aqueous methanol/ethyl acetate 10 — toluene 90 systems contains a mixture 
of up to seven different substances (Fig. 1) each in a concentration sufficient 
to appear as a distinct spot visible on the paper under an ultraviolet light source 
having a maximal emission at 254 my (30). From this zone, aldosterone has 
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Fic. 14. Effect of high sodium and potassium intake. 


This 47-year-old “‘hyper-reactor” patient, admitted to the hospital for hypertension 
studies, received a diet containing 90 meq. of sodium and 95 meq. of potassium per day for 
19 days. Following the control period, the patient received an additional daily amount 
of 120 meq. of sodium (NaCl capsules) and 185 meq. of potassium (Potassium Triplex) for 
one week. The columns represent (1) the urinary sodium excretion in the upper part, 
(2) the urinary Na/K ratio in the middle part, (3) the urinary aldosterone excretion in the 
lower part. The slight increase in aldosterone excretion corresponds better with the fall 
in the Na/K ratio than with the sodium excretion, which is increased. During the period 
of high K and Na intake, there was no significant increase in the excretion of Compound III 
and the more polar spot (Fic. 13) was not seen. 


been obtained in a high degree of purity from a severe case of Cushing’s 
syndrome (30), from pregnancy urines, and from patients on a high potassium 
intake. A second substance (Compound II) was isolated only in one case 
(Cushing’s syndrome) and was found by infrared spectroscopy to have a 
chemical structure consistent with the 11-dehydro derivative of aldosterone 
(30). A third substance (Compound III) is found in many urines and can 
be present in amounts varying from a few micrograms up to 2 mg. per day. 
It is always contaminated by several substances which reduce blue tetrazolium 
and which can be separated only by the use of a Kieselguhr column. A 
fourth substance (Compound IV) was isolated only in one case of severe 
essential hypertension. These latter two substances absorb ultraviolet light 
maximally at 239 my but do not reduce blue tetrazolium. A fifth substance 
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(Compound V) is frequently found and is ultraviolet light absorbing and blue 
tetrazolium negative. Two other substances (Compounds VI and VII) have 
recently been separated. These two substances seem to appear in especially 
high concentration during periods of high potassium intake. 

In the light of the above findings our previous purification method (18) has 
been modified by the introduction of the tertiary butanol — water/isooctane 
system of Eberlein and Bongiovanni, which is the most important step since 
it permits the separation of aldosterone from the spot which includes Com- 
pounds III and IV and accompanying blue-tetrazolium-reducing substances, 
which are less polar, and also from the spot containing Compounds VI and 
VII, which are more polar. It is most essential to separate Compound III 
and its blue-tetrazolium-reducing contaminants from aldosterone because of 
their frequency in urinary extracts and because of their occasionally very high 
concentration. In our experience only the butanol—water/isooctane system 
permits separation of these substances, which otherwise would interfere with 
the biological or chemical determination of aldosterone. At this stage aldo- 
sterone may still be contaminated with Compound V, which is very slightly 
more polar. The position of Compound II is not known in this system. In 
addition, the 55% aqueous methanol/benzene system has replaced the 50% 
aqueous methanol/ethyl acetate — toluene system because of a more satis- 
factory separation between aldosterone and Compounds II and V. This 
system is preferable to the butanol—water/isooctane system as the last 
purification step, since eluates of the aldosterone zone obtained in the latter 
have high ultraviolet-absorbing blank values. 

In the chemical methods that have been proposed by various authors and 
which measure insufficiently purified aldosterone, results obtained by ultra- 
violet determination or soda fluorescence may be too high owing to the 
presence of Compounds II, III, IV, V, VI, and VII, all of which have a A*-3 
ketone configuration. Results based on the reaction with triphenyl tetra- 
zolium or with blue tetrazolium may be too high in the presence of Compounds 
III and IV since these compounds are always contaminated by reducing 
materials. These reducing substances cannot be separated from Compounds 
III and IV by any of the paper chromatographic systems we have used. 
The determination by the 2,4-dinitrophenylhydrazine method, proposed by 
Gornall, may be more specific for aldosterone (20). 

It must finally be emphasized that the results reported were obtained with 
relatively small aliquots of 24-48 hours urine (except for the pooled pregnancy 
urine). Meticulous care must be taken in washing the walls of the glass 
container in order to transfer all the dissolved residues of the extracts or of 
the eluates to the paper chromatograms. Certain batches of Whatman 
chromatographic paper No. 1 and No. 2 have been unsatisfactory because of 
the presence of ethanol soluble blue-tetrazolium-reducing substances in high 
concentration in spite of the previous washing in the Soxhlet apparatus. 

A similar concept of an extensive purification or urinary aldosterone has 
been presented by Ayres, Simpson, and Tait (3), who are using a column 
fractionation procedure and isotopic dilution techniques. 
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